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1.0 SUMMARY 

The QCSEE Program was established under NASA sponsorship to develop and 
demonstrate the technology required for propulsion systems for quiet, clean, 
economically viable, commercial short-haul aircraft. One element of the program 
has been to develop a digital electronic control system which provides a pro- 
pulsion engine control in a manner which offers improvements in noise, pollu- 
tion, thrust response, operational monitoring, and pilot workload relative to 
current engines* This report describes the design of the control system for 
one of the two engines in the QCSEE Program, the Under- the-Wing (UTW) engine. 

The QCSEE UTW engine requires control of four variables; fuel flow, fan 
pitch, fan nozzle area, and core compressor stator angle* The system de- 
signed to accomplish this task incorporates two basic control components, a 
modified hydromechanical fuel control from a current engine (F101) and an 
engine-mounted digital electronic control designed specifically for the 
QCSEE. 

The system includes both automatic and manual operating modes. The auto- 
matic mode provides integrated control of engine variables to allow explora- 
tion of steady-state and transient characteristics of the engine when automati- 
cally controlled. Several different automatic mode options will be explored. 

The manual mode and several partial-automatic, partial-manual modes are pro- 
vide * to allow independent manipulation of controlled variables so that 
engine characteristics can be completely mapped* In addition, a remote mode 
is provided in which the system is integrated with a remote digital computer 
simulating a STOL transport aircraft computer, thus allowing STOL propulsion 
system investigations to be performed. 

The definition of the automatic control mode was made primarily on the 
basis of a control mode analysis using a computer program which evaluated 
many potential modes relative to the accuracy with which they maintain key 
engine variables when subjected to typical control and engine manufacturing 
tolerances, sensing tolerances, and hardware deterioration. Scheduling 
practicality, stability, response, and failure considerations were also 


factors in choosing the control mode. The primary mode which has been chosen 
is one in which the fuel flow controls engine pressure ratio (compressor dis- 
discharge pressure/ inlet total pressure - variables closly related to thrust), 
the fan pitch controls .an rpm, and the fan nozzle area controls inlet Mach 
"number (a key inlet noise parameter) . 

The system contains provisions for monitoring and displaying forty-eight 
engine and control variables, for detecting certain malfunctions, and for 
taking corrective action in the event of some critical malfuntlons such as 
fan drive gear failure, high vibration, loss of fan speed signal, and certain 
digital computation faults. 

An F101 fuel pump is utilized in the system for supplying fuel for 
engine operation, for operating servomechanisms in the hydromechanical con- 
trol, and for providing a source of high-pressure fuel for operation of the 
actuators which position the core compressor stator vanes. 

A variable displacement, constant pressure hydraulic pump supplies fluid 
for operation of the actuators »,.iich position the fan nozzle and the hydrau- 
lic motor which H~ives the variable-pitch actuation mechanisms. 
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2*0 INTRODUCTION 


\ 


The QCSEE Program is a program established by NASA to develop and demon- 
strate propulsion system technology for an advanced, short-haul, commercial 
aircraft having short-takeof f-or-landing (STOL) capability and producing less 
noise and atmospheric pollution than current aircraft. A number of specific 
technological objectives were established at the beginning of the program. 

One of these was to provide the digital electronic control technology required 
to accommodate certain specific QCSEE features which are not included in cur- 
rent commercial aircraft propulsion systems. 

Control systems for current commercial aircraft turbine engines, most of 
which have only one or two controlled variables, use primarily hydraulic and 
mechanical computing elements. This has proven generally adequate although 
recently there has been a move toward the addition of limited-authority elec- 
tronic trim of the hydromechanical controls to provide more automatic control 
of thrust and thus reduce pilot workload. 

The QCSEE Program definitely requires engine control system capability 
beyond that provided on current commercial engines; even those incorporating 
limited electronic trims. The main reasons are: 

• More variables must be controlled . 

• Automatic responsive engine and aircraft control coordination is 
required for STOL operation near the ground where the engines 
provide lift-assist as well as thrust. 

9 Automatic thrust control throughout the flight envelop is desired 
to reduce pilot workload. 

o Engine and control data transmittal to the aircraft are desired for 
operational and engine health monitoring. 

• Automatic failure detection and corrective action are desired for 
certain key control system elements. 

Consideration of these new functional requirements, in conjunction with 
the recognition of the trend toward use of digital computation in aircraft 
control and indication systems, led to the QCSEE Program objective stated 
above; namely that digital electronic technology be developed for incorpora- 
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tion into the QCSEE control system. This report describes in detail how this 
is being done and how the digital electronic elements are mated with the more 
traditional engine control elements to make up the QCSEE UTW control system. 


The following section outlines basic system design requirements and 
gives an overall description of the design. Analytical background material 
follows this. The remainder of the report gives design details of individual 
system components. 


3.0 ENGINE CONTROL SYSTEM 


3. 1 DE SIGN REQUIREMENTS AND CRITERIA 

The QCSEE UTW control system design is based on requirements and design 
criteria established by the QCSEE Program contract and by the nature of the 
UTW engine, a cross section of which is shown in Figure 1. The major require- 
ments are outlined below. 

General System Design 

Design a digital control system for controlling the UTW engine utilizing 
existing controls and accessories (where applicable) supplemented by digital 
electronics to perform functions not now provided by hydromechanical con- 
trols; and provide a flexible interface with a powered lift aircraft. The 
functions provided shall include reverse control, variable nozzle control, 
failure monitoring, engine supervisory control, and variable-pitch control. 

Operating Regime 

Design for ground static, wind tunnel, and altitude chamber operation. 
Flight envelope to be as shown on Figure 2. 

Flight Design 

Design for flight operation (i.e., flight weight, performance) except 
for designated exceptions made for cost purposes. Control system related 
exceptions include accessories and accessory gearbox, heat exchangers, 
auxiliary power supply, piping, wiring, drains, and vents. Analyses shall be 
performed on all nonflight hardware to provide flight weight and performance 
predictions considering flight design life requirements. 

Variables To Be Controlled 

The QCSEE UTW requires control of four variables; fuel flow, compressor 
stator angle, fan pitch angle, and fan exhaust area. 
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Digital Control 



Experimental Propulsion System. 





Altitude 









The system shall be capable of coordinated control of variables so that 
simulated STOL aircraft propulsion Investigations can be performed with the 
intent of achieving: 

9 Thrust control with minimum pilot workload in all flight segments 

• Fast thrust response 

1.0 second 62% to 95% thrust, sea level to 1.83 km (6000 ft.) 

1.5 seconds Takeoff to maximum reverse 

• Specified noise and pollution goals for the engine 

Engine Protection 

The system shall protect the engine from rotor overspeeds, turbine 
overtemperature, and excessive fan or compressor back pressures. 


Bleed and Power Extraction 


The system shall be compatible with air bleed and power extraction for 
aircraft use up to 13% core airflow and up to 2.2 hp per 450 Kg (1000 lb.) 
installed thrust, respectively. Neither will be demonstrated in the initial 
QCSEE Program. 


Starter 


Design for use of a typical, current, commercial transport starter. 


Altitude Starts 


Capability the same as present commercial transports as shown on Figure 2. 
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Overboard Drainage 

There shall be no overboard fluid leakage during normal operation* 


Maintainability 

The system shall be compatible with the following engine maintainability 
goals. 

• The engine shall be easily removable from the nacelle without 
requiring removal of the fan exhaust ducc once it is installed. 

• The engine shall be capable of being trimmed on a test stand with 
no additional trimming required if installed on an aircraft. 

• Accessories shall be located for easy inspection* 

• Access to borescope ports shall be provided without requiring 
removal of any engine component. 

• Any propulsion system accessory shall be replaceable in 45 minutes. 

• Modular construction is desired to facilitate maintenance. 

Supplementing the requirements and design criteria outlined above, a set 
of aircraft-oriented general principles for automatic control of the UTW 
engine was established early in the program based on coordination with UASA, 
McDonnell Douglas, and Boeing. These are: 

1. A separate power lever link is assumed from the aircraft to the 
engine to be used as an enable and for backup fuel control only. 

2. A digital electrical signal is assumed from the aircraft computer 
to the engine digital control demanding percent of available 
thrust. 

3. A digital electrical mode signal is assumed from the aircraft 
computer to the engine digital control to select between available 
operating modes such as takeoff, climb, cruise, etCo 

4. The engine digital control shall compute maximum rated thrust at 
all flight conditions and shall be capable of setting this thrust, 
or any portion of it, as a function of a single aircraft thrust 
demand signal (unless some safety limit such as rotor speed or gas 
temperature prevents attainment of full thrust). 
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5. The engine control system shall provide selected engine safety 
limits that protect against rotor overspeeds, fan or compressor 
stall, turbine overtemperature, and compressor discharge over- 
pressure. 

6. Manual control of thrust via the throttle shall be maintainable 
within safe limits if the engine digital control and/or aircraft 
digital control falls. 

7. It is desirable that no throttle or thrust demand changes be 
required during takeoff except in the event of an abort. 

8. It shall be an objective that fan pitch shall not change if the 
engine digital control fails. 

9. It shall be an objective that fan nozzle area shall go to the 
takeoff position in the event of a failure. 


3.2 GENERAL SYSTEM DESCRIPTION 

A schematic diagram of the QCSEE UTW Control System is shown in Figure 
3. The digital electronic control is the heart of the system and controls 
the manipulated variables in response to commands representing those 
which would be received from an aircraft propulsion system computet. The 
system includes an existing (F101) hydromechanical control as called for in 
the program requirements. This control includes an electrohydraulic torque 
motor servovalve (TM) through which the digital control maintains primary 
control of fuel flow. The fuel-operated servomechanisms in the hydromechan- 
ical control serve primarily as backup controlling elements and limits, 
although they are the primary controlling elements for the core compressor 
stator actuators. 

The hydromechanical control is mounted on an F101 fuel pump which is a 
centrifugally boosted, positive displacement, vane pump. Pump discharge flow 
is delivered to the control through the mounting interface and the control 
returns excess fuel to the vane element inlet through a similar channel. 

The fuel system includes an eductor to evacuate Interstage seal cavities 
within fuel-handling components and thus reduce the possibility of external 
fuel leakage. 
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Fan pitch angle and fan exhaust nozzle area are both controlled solely 
by the digital electronic control which furnishes electrical signals to 
electrohydraulic servovalves in the servovalve assembly. These servovalves 
direct hydraulic fluid to the hydraulic motor which positions the fan pitch 
mechanism and to the six hydraulic rams which position the variable fan ex- 
haust nozzle in response to the signals from the digital control. As shown 
on Figure 3* the control system is designed to accommodate either of two fan 
pitch actuation systems which are being designed for the QCSEE UTW. 

The hydraulic system which supplies the pitch and nozzle servovalve 
assembly consists of an engine- driven, variable displacement, constant pres- 
sure piston pump, a filter, and the servovalves. The system is essentially 
a closed circuit with only a small fluid interchange with the engine lubri- 
cation system for cooling and to transiently account for differential actu- 
ation areas. 

In order to achieve the operational flexibility required by the QCSEE 
Program, the commands to the digital electronic control are being introduced 
through the control room elements shown on Figure A. The interconnect unit, 
operator panel, and engineering panel are actually peripheral elements of the 
digital control. They provide the means for the engine operators to intro- 
duce commands, to switch between available operating modes, to adjust various 
control constants, and to monitor control and engine data. The remote com- 
puter is a separate digitax computer system supplied by NASA to represent a 
typical aircraft computer. The engine digital control is designed to accom- 
modate the digital input-output language of this remote computer. 

In addition to these digital commands from the control room, the system 
also receives a mechanical input in the form of a power lever angle (PLA) 
transmitted to the hydromechanical control. This serves as an input to the 
backup governor and operates a positive fuel shutoff valve in the control. 

A number of control and engine variables are sensed by the control sys- 
tem. These are shown schematically in Figure 5 and discussed briefly below. 
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Figure 5. Sensed Engine and Control Variables. 



Core Speed - This speed is sensed electrically by measuring the output 
frequency of the generator which supplies digital control computer power and 
is sensed mechanically by a rotational input from the accessory gearbox to 
the hydromechanical control. 

Low Pressure Turbine Speed - This speed, which is proportional to fan 
speed, is sensed by a stationary magnetic pickup located near a multitoothed 
disk which rotates with the turbine shaft. A turbine speed signal is pre- 
ferred to a fan speed signal because it is mechanically simpler to acquire, 
and it remains available to initiate correction of a turbine overspeed which 
might result from a fan or fan gearing failure. 

Core Inlet Temperature - Sensed (as on the F101) by means of a gas- 
filled coil in the core compressor inlet which operates a hydromechanical 
fuel-sensing servomechanism. 

Core Stator Position - Sensed mechanically by means of a push-pull cable 
between the stator actuation linkage and the hydromechanical control. 

Compressor Discharge Pressure - Sensed through a static pressure tap in 
to', entrance to the engine combustor and piped to a pressure-to-electrlcal 
transducer in the digital control and to a fuel-sensing servomechanism in 
the hydromechanical control. 

Compressor Discharge Temperature - Sensed by a chromel-alumel thermo- 
couple at the entrance to the core combustor. 

Metering Valve Position - This is used as a measure of fuel flow in the 
digital control and is sensed with a transducer (rotary differential trans- 
former) in the hydromechanical control. 

Engine Inlet Static Pressure - Sensed through two static taps ir. the 
inlet duct wall and piped to one side of a differential pressure transducer 
in the digital control. The taps are on the inlet horizontal centerline and 
diametrically opposed to minimize angle-of-attack and crosswind effects. 

They are located in a position near the inlet throat - a position which NASA 
model data indicates will give the most consistent pressure reading. 

Fan Inlet Temperature - Sensed by an electrical resistance temperature 
detector protruding through the inlet wall into the airstream. 
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Free-Stream Total Pressure - Sensed by means of a total pressure probe 
on the bottom centerline of the nacelle extending into the external air- 
stream. This pressure is actually used as a measure of engine inlet total 
pressure but is sensed outside where the prcoo will not be affected by the 
aerodynamic distortions which can exist inside the inlet and thus will give 
a more consistent indication of average inlet total pressure. 

Fan Pitch Angle - Sensed by means of electrical position transducers 
(linear differential transformers) in the fan pitch actuation system. 

Because fan pitch angle is critical to satisfactory engine operation, two 
sensors are used. They are averaged by the digital control and protection is 
provided against failures of one unit as described in Section 3.3.3. 

Fan Nozzle Position - Sensed by means of an electrical position trans- 
ducer (linear differential transformer) in one of the nozzle actuators. 

3.3 SYSTEM OPERATION 

The system has several different modes of operation. The automatic mode 
provides integrated control of engine variables to allow exploration of 
steady-state and transient characteristics of the engine when automatically 
controlled. The manual mode and several partial-automatic , partial-manual 
modes are provided to allow independent manipulation of controlled variables 
so that engine characteristics can be completely mapped. Operation in the 
various modes is described below with the analyses and studies which led to 
the choice of these modes discussed later in the report. 

3.3.1 Automatic Control 

In the automatic control mode, the system basically manipulates fuel 
flow to control thrust, exhaust area to control inlet throat air velocity, 
and fan pitch to control fan rpm. Overrides are applied to each of the 
manipulated variables under certain conditions for safety or operational 
reasons. 
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The system uses the ratio of compressor discharge pressure to free- 
stream total pressure (PS3/PT0) as a measure of engine thrust. At any opera- 
ting condition the digital control computes a value of maximum available 
thrust (PS3/PT0) as a function of engine inlet conditions as shown in Figure 
6 with an inlet temperature reference (T12 reference) as shown in Figure 7. 
Fuel flow is manipulated as required to provide the percentage of this 
maximum available thrust called for by the power setting. Tnis power setting 
is a digital electronic input supplied from the control room or, in an air- 
craft application, from the pilot oi aircraft flight control computer. The 
power setting schedule is shown in Figure 8 # The 3 ystem includes a number of 
limits which can override the thrust control and limit fuel flow to prevent 
engine damage or unsatisfactory operation. These are listed below. 

T41 Limit - Turbine inlet gas temperature (T41) is calculated in the 
digital control from compressor discharge temperature (T3) , fuel flow, and 
compressor discharge pressure. Fuel flow is limited to prevent this calcu- 
lated T41 from exceeding a predetermined limit. 

Acceleration Limit - An acceleration fuel schedule which is a function 
of core rpm, core compressor inlet temperature, and core compressor discharge 
pressure is incorporated in the hydromechanical control; fuel flow is pre- 
vented from exceeding this schedule. The schedule is designed to provide 
satisfactory starts and rapid acceleration without core compressor stall or 
excessive turbine temperature transients. 

Deceleration Limit - To prevent loss of combustion during rapid thrust 
reductions, the hydromechanical control prevents WF/PS3 from dropping below 
a prescribed minimum limit. 

Fan Speed Limit (Normal) - The digital control limits fuel flow to pre- 
vent exceeding a predetermined normal fan speed (LP turbine) limit. 

Maximum Core Speed Limit - The digital control and hydromechanical con- 
trol both include functions for limiting fuel flow to prevent core overspeed. 

Backup Governor - This governor in the hydromechanical control can 
reduce fuel flow and speed in response to the mechanical power lever input in 
the event of an electrical malfunction. 
























Minimum Idle Speed - The digital control limits fuel flow in the down- 
ward direction to prevent idle speed from dropping below air allowable minimum 
(an experimental engine limit only - related to lube sump pressurization). 

Reverse Interlock - The digital control reduces fuel flow if the fan 
blades are in reverse region with forward thrust selected or in the forward 
region with reverse selected. This feature unloads the core engine to assist 
in normal transients into and out of reverse and limits the amount of mis- 
directed thrust if the fan pitch inadvertently moves into the wrong region. 

Fault Correction - Fuel flow is also limited by several fault detection 
and correction features in the system which are described in Section 3.3.3. 

The PS3/PT0 control function and the limits on fuel flow are shown in 
block diagram form on Figure 9. The PS3/PT0 schedule and error calculation 
are shown at the upper left. The error signal proceeds through a network 
which includes a lagged-rate feedback for stability and transient anticipa- 
tion (detailed in Figure 10), logic for switching to other control modes, 
selectors through which the limits are applied, and elements which generate 
an output signal. This output signal operates a torque motor servovalve in 
the hydromechanical control to control fuel flow within the bounds of hydro- 
mechanical acceleration, deceleration, and core speed schedules. 

The T41, maximum fan speed, maximum core speed, minimum idle speed, and 
fault limits are all generated in the right portion of the block diagram and 
applied to the main channel through the maximum and minimum selectors in the 
upper-right corner. The vertical array of four blocks at the left center is 
the logic for the reverse interlock. This logic reduces the maximum core 
speed limit to idle whenever the fan pitch is in transition in either direc- 
tion between forward and reverse or when the pitch is not in the correct 
region for the mode selected. 

Figure 9 also includes the manual fuel control mode and logic for 
switching into this mode which is discussed in Section 3.3.2. 

Fan exhaust area in the automatic control mode is varied to maintain the 


inlet throat Mach number at an intermediate level between the high level 
desired for inlet noise reduction and the low level desired for best inlet 
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Digital Electronic Fuel Flow Control Block Diagram* 

































performance. Maintaining the inlet Mach in this manner also provides reduced 
exhaust velocity and lower exhaust noise at a given thrust level. The 
operation of this function is limited by a power-setting-generated roof 
schedule which improves transient response and prevents excessive area in the 
event of certain failures. Absolute maximum and minimum area limits are also 
provided. 

A block diagram of the area control loops is shown in Figure 11 with the 
basic inlet Mach number control channel along the top and limit functions 
below which are introduced into the main channel through maximum and minimum 
selectors. The control uses free-stream total pressure and a static pressure 
near the inlet throat (PS11) to calculate a pressure function, (PT0-PS11)/ 

PTO, which is a measure of inlet Mach number. This is shown at the upper 
left in the diagram. Any difference in the pressure function from the desired 
value creates an error signal which proceeds to the right through other 
elements in the main channel. This includes a lagged-rate feedback for 
stability compensation and transient anticipation (detailed on Figure 12) ; 
selectors through which limits are applied; logic for switching to other 
control modes; and elements for generating an output signal. The output 
signal operates a torque motor servovalve which controls the flow of hydraulic 
fluid to actuators which vary exhaust area. 

Shown below the main channel in successive layers are the roof schedule 
channel, a transient roof reset, the minimum area limit channel, and a manual 
control channel. These all operate through logic blocks shown in the main 
channel to produce their effect on area control. 

Automatic control of fan pitch involves maintaining constant fan speed 
at most operating conditions. This is done primarily to provide rapid thrust 
response from low to high thrust by eliminating the need to accelerate the 
fan rotor. The governing action is limited to maximum and minimum blade 
angles beyond which fan operation may be unsatisfactory. A limit in the flat 
pitch direction is also imposed by the power-setting-generated floor schedule 
which is included to aid in transient response investigation on the experi- 
mental engine. This schedule is adjustable and will make it possible to 
evaluate accelerations with different fan pitch settings. Fan pitch is 
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reversed to provide engine thrust reversal. This is done by changing opera- 
ting modes within the control system to a mode which positions the blades in 
their reverse position. In this automatic reverse mode the variable-area 
exhaust is set at its maximum open position (actually serving as inlet in 
this mode), and fuel flow is manipulated to control fan speed as demanded by 
the power demand signal. The fuel flow interlock noted above in the fuel 
control loop description aids in performing transitions into and out of 
reverse. 

Figure 13 is a block diagram of the fan pitch control loop. The main 
channel is shown along the top with the basic fan speed scheduling and error 
calculation performed at the left. As in the other control loops described 
above, the error signal passes through a network which Includes a lagged-rate 
feedback for stability compensation and transient anticipation (detailed on 
Figure 14), maximum and minimum selectors for .'^plying limits, mode switching 
logic, and elements which generate an output signal. The output signal 
operates an electrohydraulic valve which controls flow to a hydraulic motor 
which, in turn, drives the pitch actuation mechanism. 

Shown in successive layers below the main channel on Figure 13 are the 
floor (maximum closed pitch) schedule limit channel with an associated tran- 
sient reset, the roof (maximum open pitch) limit channel, the reverse pitch 
channel, and the manual control channel. The ganged switching logic shown to 
the left in these channels is provided to accommodate the twc fan pitch 
mechanization options on the QCSEE UTW demonstrator, one of which goes to 
reverse-through-stall pitch and the other through flat pitch. 

Position feedback from the fan pitch actuation device is provided by two 
electrical LVDT position transducers. These signals are shown entering at 
the right center in Figure 13. The contro'i averages these signals under 
normal conditions but chooses the larger signal if the two signals disagree 
by the equivalent of three degrees pitch or more. This latter feature provides 
protection against the most likely LVDT failure mode which is complete loss 
of signal due to open or short circuits. 

The core compressor variable stators in the automatic mode and in all 
other modes are controlled hydromechanically as they are on the F101 engine. 
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Stator position is set as a function of core speed and core inlet tempera- 
ture, A reset is included (in response to an electrical signal from the 
digital control) which translates the entire schedule by a small amount 
toward the closed direction in order to provide additional core compressor 
stall margin under certain conditions. 

3.3.2 Manual Control 

The system includes a manual control mode and several partially-manual 
modes in which all or some of the manipulated variables can be controlled 
independently from the control room. The manual modes are provided so that 
the characteristics of the engine with its variable geometry can be thor- 
oughly explored. 

In the all-manual mode, the system operates in response to four basic 
inputs from the control room, three potentiometer inputs to the digital 
control computer, and the manual power lever input to the hydromechanical 
control. 

One of the potentiometer inputs serves as a fan speed demand causing 
fuel flow to be manipulated to set and maintain the fan speed desired. All 
of the fuel control loop limits described in Section 3.3,1 (except the 
reverse interlock) remain in effect to protect the engine and provide manual 
PLA control of core speed if desired (or necessary due to an electrical 
malfunction) . 

The other two potentiometers serve as inputs to the digital control for 
operation of independent position control loops for fan pitch and fan exhaust 
area. Thus, in the all-manual mode, fan speed (or core speed), fan pitch, 
and fan exhaust area can each be controlled independently. The three manual 
control loops are shown on the block diagram in Figures 9, 11, and 13. 

Three partially-manual modes are provided. In one, fan pitch is under 
manual control while fuel flow and fan exhaust area are automatically con- 
trolled as described in Section 3.3.1. In the second, fan exhaust area is 
under manual control while fuel flow and fan pitch are in the automatic mode. 
In the third, both pitch and area are manually controlled and only fuel is 
operating in the automatic mode. 
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In all of the manual modes* control of the core variable stators Is the 
same as in the automatic mode. 

3.3.3 Failure Detection and Correction 

One objective of the QCSEE Program digital control technology develop- 
ment is to utilize the inherent abilities of a digital computer to record and 
compare large amounts of data for engine condition monitoring and fault 
correction. 


The UTW control system incorporates several active fault detection and 
correction features which are listed below. A fault light on the operator 
panel indicates when one or more of the faults has occurred and a digital 
indicator on the engineering panel identifies the fault or faults. A switch 
is available on the engineering panel to deactivate each of the features 
except the fan overspeed emergency shutdown. 

Engine Vibration - Engine horizontal and vertical vibrations are sensed: 
if either exceeds 40 mils, fuel flow is reduced to set idle core speed. 


Loss of Command Data Link - A test word is among the set of digital 
commands that are transmitted respectively in series from the control room to 
the engine-mounted digital control computer. An error in this word at any 
time causes the control to revert to the last set of commands received and 
to continue operating at this condition until the fault is corrected. 

Computer Fault - The program memory in the digital control computer 
includes test elements which, if found to be incorrect for two successive 
iterations through the program, will interrupt the control outputs and cause 
fuel flow to drift downward, fan exhaust area to drift open, and fan pitch 
angle to drift open (increased pitch). 

Fan Overspeed Emergency Shutdown - If the LP turbine (fan) speed signal 
exceeds an absolute maximum limit, or if it increases at a rate indicating 
loss in turbine load (as would occur with fan or fan gearbox failure) , an 
electrical signal from the digital control to the hydromechanical control 
causes fuel flow to be shutoff immediately. All elements of this feature 
are electrically isolated from the remainder of the system so that it also 
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protects against control system faults which might cause overspeed* If power 
should be lost for this function so that it is unavailable at the operator 
panel, a fault light will alert the operator* 

LP Turbine Speed Sensing Fault - Loss of the LP turbine (fan) speed sig- 
nal can result in overspeed to the emergency shutdown level under certain 
conditions when operating on the automatic mode* To prevent this, the 
digital control reduces fuel flow to set idle core speed if the LP turbine 
speed signal is lost. This function is ineffective below 45% core speed so 
that it will not interfere with starts. 

Fan Pitch Transducer Failure - The signals from the two fan pitch posi- 
tion transducers are normally averaged by the digital control. However, if 
the signals differ by three degrees or more the control uses the signal with 
the largest voltage level, discarding the other on the premise that the 
transducer producing the lower voltage may well have failed because the 
predominant failure mode for such transducers is loss of signal. 

Lube Supply Temperatur e - If this temperature exceeds 180° F, the 
engineering panel fault light illuminates, but there is no automatic cor- 
rective action. 

Gearbox Bearing Temperature - If this temperature exceeds 250° F, the 
engineering panel fault light illuminates, but there is no automatic cor- 
rective action. 

Hydraulic Pump Pressure - II this pressure falls below 2500 psia with 
core speed above 45% , the engineering panel fault light illuminates but no 
automatic corrective action is taken. 

Computer Timing Failure - The digital control includes redundant oscil- 
lators for timing in both the engine-mounted computer and in the control room 
portion of the control. An oscillator failure in the former will illuminate 
the fault light on the engineering panel, and a fault in the latter will 
illuminate a light on the interconnect unit in the control room. 

The digital control system also includes provisions for monitor!^ con- 
trol and engine variables. Some variables are displayed continuously on the 
operator panel, some are provided for continuous recording on transient data 
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recorders, and some are available for display (one at a time) on a selectable 
digital display on the engineering panel. A detailed list of monitored 
information is given with the digital control description in Section 5.0 of 
this report. 
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4.0 CONTROL SYSTEM ANALYSIS 


4.1 ANALYSIS BACKGROUND 

One fundamental task to be performed in designing an automatic control 
system is to define the control mode or modes; that is, define which engine 
variables (speeds, pressures, temperatures, etc.) should be controlled by the 
available manipulated variables to achieve the desired operating conditions. 
This involves analyses comparing potential modes on the bases of accuracy, 
stability, response, and other similar performance considerations. 

On most previous transport aircraft engines, control mode definition has 
been relatively simple because only one manipulated variable, fuel flow, was 
a significant factor in controlling the primary engine characteristics which 
require control, namely thrust and thrust response. To define the control 
mode it was necessary only to determine a variable that can be sensed 
practically, provides a good indication of thrust, and will provide a re- 
sponsive, stable fuel control loop. 

The QCSEE UTW analysis necessary to dtfine control modes was more 
difficult because of the additional manipulated variables, the need to 
consider noise control as well as thrust, and the desire to provide more 
automatic control of thrust than on previous engines. At the outset it was 
decided that one of the manipulated variables, core stator position, is 
clearly best controlled by scheduling position as a function of core 
corrected speed as on the F101 engine. Still, there remained three manipu- 
lated variables (fuel flow, fan pitch, and fan exhaust area) each of which 
could be used to control a variety of engine variables or sets of variables. 

Key operational objectives at various conditions were established prior 
to beginning the automatic control mode analytical process. These were: 

• T akeoff - Set guaranteed maximum static thrust or percent thereof. 

Set inlet throat Mach number (XM11) for optimum noise and perfor- 
mance trade off. 
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• Climb - Set guaranteed maximum installed thrust or percent thereof. 
Control inlet Mach number for optimum installed performance. 

• Cruise - Attain minimum installed sfc at required thrust level. 

• Descent - Maintain sufficient core speed for air conditioning and 
power extraction. 

• Approach - Fast thrust response at readily controlled level up to 
guaranteed maximum. 

Control inlet Mach number and airflow for low noise. 

• Ground Idle - Low thrust. 

Low exhaust pollution. 

Low noise. 

RPM sufficient for centrifugal anti-icing. 

The sections which follow describe the analytical studies performed to 
translate these requirements in the choise of control modes. 

4.2 CONTROL MODE ANALYSIS 

One of the first steps taken in control mode definition was to perform a 
control mode analysis. This is a computer-aided process in which the effect 
of typical engine and control component tolerances on important engine 
characteristics (such as thrust, sfc, turbine temperature, stall margin, 
etc.) are determined for all potential control modes. 

The starting point for the mode analysis was a computer deck representing 
the UTW engine cycle under steady-state, installed conditions. A special 
computer program was used with this deck to generate matrices of partial 
differentials of certain dependent variables with respect to certain other 
independent variables. Among the independent variables were potential control 
variables, air bleeds, power extraction, and engine component performance 
variables which contribute significantly to overall propulsion system per- 
formance. The dependent variables included such key cycle variables as 
thrust, sfc, temperatures, stall margins, rotor speeds, and inlet throat Mach 
number. 
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The mode analysis consisted of a series of computer runs using the 
matrices of partial differentials just described. For each run* a different 
set of potential control variables equal in number to the number of manipulated 
variables (3 for the UTW engine) was designated and the matrix used was that 
which had these as independent variables. Predicted tolerances for sensors, 
controls, and engine components were multiplied by the partial differentials. 
The computer tallied the accumulation of these effects on key dependent 
variables in several ways including (1) the arithmetic sum, (2) the square 
root of the sum of the squares (RSS), and (3) RSS with zero control tolerances. 
Deterioration factors based on actual field experience were applied to the 
partials and the RSS accumulation of these factors was also calculated. 

Runs were made at SLS takeoff conditions and at Mach 0.7, 7.62 km 
(25,000 ft.) climb conditions. 

Details relative to the potential modes subjected to this type of 
analysis, the tolerances used, and typical results, are given in the sections 
which follow. 

4.2.1 Definition of Potential Thrust Parameter 

One important task in defining potential control modes for analysis was 
to establish potential thrust parameters which would indicate net thrust at 
any flight condition as a percentage of the maximum rated thrust at that 
condition. Ideally, the thrust parameter should be such that it could be 
used for cockpit indication and correlate with percent-net-available thrust 
independent of customer air bleed, control errors, engine component varia- 
tions, and flight conditions. The ideal thrust parameter also would have 
negligible thrust-correlation errors during engine stalls or control failures 
(failures which for this engine might result in large deviations in fan pitch 
or exhaust area from normal settings). 

The potential thrust parameters used in the mode analysis are listed 
below and discussed in succeeding paragraphs (symbols defined in Appendix A) . 

TP1 = P49/PT0 
TP2 = PS3/PT0 
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TP3 « f (P18/PAMB) X (A18) 

TP4 - f (P14/PT0) X (A18) 

TPS » f (M11)/(A18) 

TP6 » f (P14/PT0) X f 2 (Mll) 

TP7 « K1 + K2(A A18) + K3(A &F) + f(PCNLR) 

TP8 - T41C/T1 
TP9 * PCNHR 
TP10 - PS3/PS8 
TP11 = T8/TI 

TP12 = [(T14-T1)/T14] X f (Mil) 

TP13 = WFM/PTO 

TP1 is a good traditional parameter which would be applicable to a 
variable-pitch fan system. P49/PTO is a good indicator of core extracted 
power and correlates well with net thrust, but the mechancial design for 
_QCSEE -does -not- permit the insertion of total pressure rakes between the 
turbines. Static pressure measurement was considered as a substitute for 
P49, but the close-coupled turbine configuration prevents acquisition of a 
consistently representative static pressure. TP2 provides much better 
accuracy than could be obtained using PS49 (but not as good as using PT49), 
therefore, the mode studies include P49/PTG to provide a standard of 
comparison and PS3/PT0 as a practical alternative for the experimental 
program. Core engine temperatures were bypassed in the initial listing of 
alternatives because the best choice, T49, had the same installation problem 
as P49, and all of the core temperatures are particularly sensitive to 
component deterioration. 

The expression for TP3 was developed from the equation which states that 
gross thrust is equal to the product of mass airflow times velocity. With 
the full exhaust expansion present in the UTW cycle over the range of 
practical consideration and with the engine's high-bypass ratio, it is only a 
minor approximation to assume that the total thrust is a constant times the 
thrust of the bypass stream. Using this consideration and applying funda- 
mental compressible-flow equations resulted in the transformation of the 
basic gross-thrust equation into an equation for TP3 as a function of fan 
exhaust pressure ratio and area as shown above. 
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Additional mathematical manipulation translated the P14/PAMB function 
into a P14/PT0 (fan pressure ratio) function resulting in the TP4 expression* 

TPS and TP6 were also derived from the basic gross-thru3t equation with 
manipulations performed so that the mass airflow is expressed in terms of an 
inlet airflow indicator, inlet Mach number, a variable which is sensed by the 
control system for noise control purposes* 

TP7 is a semilinearized equation including one of the conventional fan 
engine thrust parameters (fan corrected speed) with factors accounting for 
deviations in fan pitch and exhaust area. 

The remaining ♦'hrust parameters, except for TP12, are corrected engine 
variables which are indicative of core engine power (core engine power being 
fundamentally a more comprehensive indicator of net thrust than any simple 
fan system parameter). TP12 is a corrected fan power parameter. 

4*2*2 Definition of Tolerances 

A vital factor in setting up the control mode analysis was the defini- 
tion of tolerances for the independent variables - that is, for the controlled 
variables in each mode being studied and for basic engine component charac- 
teristics. 

A total of 19 controlled variables were considered to have potential for 
the UTW; 12 of the 13 thrust parameters described previously plus 7 others. 
These are listed in Table I with tolerances which were estimated in the 
manner described below. 

Controlled variable tolerance estimates were begun by estimating sensing 
tolerances. Current state-of-the-art sensors were assumed with full-scale 
ranges set based on the UTW cycle and flight envelope. Tolerance distribu- 
tions were optimized, when possible, for certain scale ranges based on engine 
needs. 

The tolerance assignments also included analog-to-digital conversion 
errors and estimated sampling errors based on the uncontrolled effects of 
local flow distortions. Scheduling errors were also estimated where secondary 
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Table I. Mode Analysis Controlled Variable Tolerances. 



SLS Takeoff Max. Climb 1 

Controlled Variables 

Error 

Error (0.7/25K) 

PCNLR - Corrected Fan Speed 

±0.38% 

±0.671 

A18 - Duct Nozzle Area 

1.20 

1.63 

0F - Fan Blade Pitch Angle 

0.50 

0.50 

Mil - Inlet Duct Mach No. 

1.68 

2.40 

P49QOT - LP Turbine EPR (P49/PTO) 

1.20 ' 

2.29 

PS3Q0T - HP Turbine EPR (PS3/PT0) 

1.03 

2.22 

TP3 - Thrust Parameter from A18 & (P18/P0) 

7.03 

2.76 

TP4 - Thrust Parameter from A18 &(P14/PT0) 

3.94 

4.68 

TP5 - Thrust Parameter from A18 & Mil 

1.80 

2.29 

TP6 - Thrust Parameter from Mil & P14/PT0 

2.16 

4.47 

TP7 - Thrust Parameter from NL, A18, 0F 

2.65 

2.78 

T41CT2 - T41C/T2 

1.23 

1.61 

T49QT2 - T49/T2 

1.09 

1.10 

T8QT2 - T8/T2 

0.95 

1.22 

PCNHR - Corrected Core Speed 

0.31 

0.33 

TP12 - f (Mil) (T14-T12)/T12 

2.41 

2.49 

WFQPTO - WFM/PTO 

1.34 

2.13 

M14 - Fan Duct Mach No. Parameter 

3.86 

5.46 

P14Q0T - P14/PT0 

0.81 

2.33 
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or trim parameters were used to define operating values for the control 
variables. Errors calculated for each of the sensed variables are listed in 
Table II. Errors due to sampling, sensors, signal conditions, and A-to-D 
conversion were combined by the root-sum-square method. 

The sensing errors from Table II were used to calculate control parameter 
errors based on derivatives of the control parameter equations. As an example, 
the error synthesis for T41C (computed T41) is described as follows: 

1. At the time of the mode studies, T41C was defined by the equation: 

T41C = T3 + k 2 ~— ■ / T41C 

2. The log differential equation for the parameter equation was 
derived: 


AT41C 

2T41C 

T3 U 

T3 \ T41C-T3 

/awf 

APS3\ 

T41C 

T41C + T3 

_T41C \ 

T3 J T41C 

\ WF 

PS3 /_ 


3. The three terms in this equation were root-sum-squared to obtain 
the overall error for T41C. 

4. For the parameter T41C/T2, the errors for T41C and T2 were root- 
sum-squared. The error computed for T41C/T2 using this method and 
the data in Table II is ±1.23%. The final result in terms of T41 
was evaluated by the computer mode study and the final results 
include effects of engine component variations. 

The equation for T41C was changed subsequent to the mode studies. The 
new equation defined below was chosen to avoid iteration in the digital 
engine control. The new equation was: 


T41C 


k l + k 2 T 3 + k3 



1.245 


The resulting differential equation for errors was: 


AT41C 

T41C 


0.476 



+ 0.6585 



0.6585 



Table II. Mode Analysis Sensing Tolerances. 

(Includes profile, sensors, signal 
conditioning, and A-to-D conversion.) 


Sensed 

Variable 

Max. 

Value 

Min. ! 
Value 

PTO(PSIA) 

19.0 

, 

3.78 

PTO-PS11 

7.8 

1.30 

P14 

23.2 

5.17 

P14-PS14 

8.2 

0.76 

P14-PT0 

4.2 

1.40 

PS3 

257.0 

56.40 

P49 

70.0 

16.20 

P0(PS8) 

17.7 

2.72 

T12 

600 

387 

T14-T12 

55 

34 

T3(°R) 

1350 

900 

T49(°R) 

2240 

1660 

T8(°R) 

1710 

1190 

NL(RPM) 

3400 

2500 

NH(RPM) 

14500 

11000 

WFM(PPH) 

6200 

1530 

A18(in. 2 ) 

3300 

1600 

8F Degrees 

-2 

+90 


Overall I Overall 
Sampling Sampling Takeoff 

at Takeoff at Climb Errors I Errors 


Percent of point unless noted otherwise 
25 


[III] 


niti 


^Heating Value Variations 













The new error-stacking result was: 

\/(o.476 S|) 2 + (o. 6585 ^ +(o. 6585 5pg) 2 

The new parameter error for T41C/12 became ±1.05%. 

The other control parameters had errors evaluated using the same tech- 
niques described above for T41C; Table I has the tabulated results. 

There are noncontrol factors which influence engine performance to a 
varying degree depending on the mode of control. These include the engine 
component variation due to manufacturing tolerances and service wear: they 
also include engine bleed and power extraction as required for anti-icing and 
aircraft accessories. Table III lists the values used in the calculation of 
control errors as defined in Table I. 

4.2.3 Mode Analysis Runs and Results 

As noted previously, the control mode analysis itself consisted of a 
series of computer ru. i with various combinations of three of the 19 potential 
control variables. The theoretical total of such combinations is 969 but some 
obviously have no prospective interest. For example, any combination 
including two or three thrust parameters is not reasonable. 

The primary strategy used to identify prospective candidate modes was to 
pair up the likely parameters for nozzle and pitch control and then use each 
of these pairs with every thrust parameter. Thrust parameters were thereby 
tentatively assigned a fuel-controlling role. Some modes were considered 
which did not qualify under the primary strategy, and some modes used two 
parameters which could be considered thrust parameters: the cost of the 
computerized analysis was so low that every interesting combination cou.iu be 
tried. 

The parameter groups which were evaluated are listed in Table IV along 
with the results for thrust control errors and thrust "deterioration" as 
determined from the Table III deterioration factors. Note that engine 
deterioration may result in thrust increases depending on the control mode. 

In every case where thrust deterioration is positive, the turbine temperature 
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Table IV. Mode Analysis Thrust Accuracy Results (Complete) 


(Shown as Percent of Point) 


Mode No. 


1 (Base) 
2 * 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16** 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34** 

35 

36 

37 

38 

39 

40 

41 

42 


Mode 

Parameter 

SLS Takeoff 
RSS FN FN Det 

Climb 0.7/25K 
RSS FN FN Det 

PCNL 

A18 

8F 

±2.34 

-0.12 

±10.52 

-1.31 

PCNL 

SMI 2 

FNIN 

— 

— 

— 

— 

Mil 

A18 

6F 

1.91 

+0.41 

7.40 

+2.01 

Mil 

P49Q0T 

8F 

2.84 

-0.21 

7.40 

-1.79 

Mil 

PS3Q0T 

6F 

3.53 

+0.33 

7.18 

-0.52 

Mil 

TP3 

8F 

7.41 

+0.14 

14.83 

-0.57 

Mil 

TP4 

6F 

4.52 

+0.12 

24.16 

-0.28 

Mil 

TP5 

8F 

1.84 

+0.38 

7.39 

+1.46 

Mil 

TP6 

8F 

2.31 

+0.26 

17.17 

+0.78 

Mil 

TP 7 

8F 

3.45 

-0.28 

22.16 

-3.99 

Mil 

T41CT2 

8F 

7.12 

-5.15 

12.62 

-8.03 

Mil 

T49CT2 

0F 

7.66 

-7.34 

13.00 

-10.52 

Mil 

M14 

8F 

7.10 

+0.06 

14.36 

+2.10 

Mil 

T8QT2 

8F 

9.64 

-10.52 

12.20 

-12.02 

Mil 

P14Q0T 

6F 

3.09 

+0.27 

8.15 

+1.13 

Mil 

P14Q0T 

8F 

2.32 

+0.27 

— 

— 

Mil 

PCNHR 

8F 

8.81 

+4.28 

12.93 

+3.51 

Mil 

TP12 

8F 

3.20 

-0.30 

9.34 

-2.22 

Mil 

TP 7 

Al8 

2.90 

+0.63 

32.29 

-6.41 

Mil 

TP12 

A18 

1.35 

+0.28 

4.74 

+1.02 

Mil 

A18 

PCNL 

1.97 

+0.35 

6.17 

+1.33 

Mil 

P49Q0T 

PCNL 

2.62 

-0.03 

4,60 

+0.23 

Mil 

PS3Q0T 

PCNL 

3.38 

+0.51 

5.21 

+0.77 

Mil 

TP3 

PCNL 

7.37 

+0.09 

15.01 

-0.83 

Mil 

TP4 

PCNL 

4.51 

+0.07 

24.23 

-0.52 

Mil 

TP5 

PCNL 

1.96 

+0.31 

7.28 

+0.69 

Mil 

TP6 

PCNL 

2.45 

+0.20 

17.24 

+0.22 

Mil 

TP7 

PCNL 

3.88 

-0.51 

22.61 

-4.19 

Mil 

T41CT2 

PCNL 

6.91 

-4.93 

7.81 

-5.21 

Mil 

T49QT2 

PCNL 

7.47 

-7.17 

7.73 

-7.61 

Mil 

Ml 4 

PCNL 

6.97 

+0.51 

13.72 

+1.40 

Mil 

T8QT2 

PCNL 

9.59 

10.45 

8.92 

-9.56 

Mil 

P14Q0T 

PCNL 

3.02 

+0.21 

7.84 

+0.62 

Mil 

P14Q0T 

PCNL 

2.34 

+0.21 

— 

— 

Mil 

PCNHR 

PCNL 

8.80 

+4.71 

10.67 

+6.28 

Mil 

TP12 

PCNL 

2.79 

-0.03 

3.46 

+0.03 

Mil 

TPS 

TP12 

1.46 

+0.24 

5.49 

+0.53 

Mil 

TP6 

TP12 

1.92 

+0.16 

13.81 

+0.18 

Mil 

TP7 

TP12 

2.43 

-0.29 

20.78 

-3.85 

M14 

P49Q0T 

PCNL 

2.59 

+0.13 

4.45 

+0.28 

M14 

PS3Q0T 

PCNL 

3.02 

+0.51 

5.04 

+0.79 

M14 

TP3 

PCNL 

7.64 

+0.07 

10.05 

-fO.15 
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Tabic IV. Mode Analysis Thrust Accuracy Results (Complete), (Continued) 

(Shown as Percent of Point) 


Mode No. 

Mode 

Parameter 

SLS Takeoff 
RSS FN FN Det 

Climb 0.7/25K 
RSS FN FN Det 

43 

Ml 4 

TP4 

PCNL 

4.42 

+0.07 


+0.37 

44 

M14 

TPS 

PCNL 

2.16 

+0.029 

'■pnftfH 

+0.88 

45 

Ml 4 

T?6 

PCNL 

2.43 

40.18 

■ ; . 

+0.64 

46 

Ml 4 

TP7 

PC'-TL 

3.31 

-0.19 

12.55 

-1.34 

47 

Ml 4 

T41CT2 

PCNL 

4.59 

-2.08 

6.95 

-4.27 

48 

Ml 4 

T49QT2 

PCNL 

4.76 

-3.15 

6.87 

-6.35 

49 

M14 

P14Q0T 

PCNL 

5.06 

+0.07 

11.08 

+0.37 

50** 

M14 

P14QOT 

PCNL 

4.13 

+0.07 

— 

— 

51 

M14 

T8QT2 

PCNL 

5.40 

-4.30 

7.80 

-7.89 

52 

M14 

PCNHR 

PCNL 

5.28 

2.37 

8.88 

+5.19 

53 

M14 

TP12 

PCNL 

2.81 

+0.16 

3.34 

+0.10 

54 

M14 

PS3QOR 

BF 

3.17 

+0.42 

5.78 

+0.23 

55 

Ml 4 

TP3 

8F 

8.18 

+0.10 

10.50 

+0.38 

56 

M14 

TP4 

BF 

4.72 

+0.10 

15.65 

+0.64 

57 

M14 

TP5 

BF 

2.61 

+0.34 

7.04 

+1.50 

58 

Ml 4 

TP6 

BF 

2.72 

+0.22 

13.73 

+1.07 

59 

M14 

TP7 

BF 

3.09 

-0.16 

12.86 

-1.34 

60 

M14 

T41CT2 

BF 

4.61 

-1.86 

8.09 

-3.11 

61 

M14 

T8QT2 

BF 

5.27 

-3.90 

8.06 

-5.53 

62 

M14 

P14Q0T 

BF 

4.70 

4.10 

13.64 

+0.63 

63** 

Ml 4 

P14Q0T 

BF 

5.65 

+0.10 

— 

— 

64 

Ml 4 

PCHNR 

BF 

5.18 

+2.09 

8.58 

+2.79 

65 

Ml 4 

TP12 

BF 

3.20 

+0.09 

6.68 

-0.45 

66 

P14Q0T 

PS3Q0T 

BF 

1.78 

+0.29 

4.92 

+0.37 

67 

P14Q0T 

TP4 

BF 

10.13 

+0.10 

9.93 

+0.64 

68 

P14Q0T 

TP5 

BF 

5.12 

+0.10 

6.41 

+1.40 

69 

P14Q0T 

TP6 

BF 

4.44 

+0.51 

10.11 

+0. S4 

70 

P14Q0T 

TP 7 

BF 

3.58 

+0.26 

8.16 

-0.44 

71 

P14Q0T 

T41CT2 

BF 

2.40 

-0.11 

6.16 

-1.30 

72 

P14Q0T 

TP12 

BF 

2.11 

-0.83 

5.51 

+0.03 

73 

P14Q0T 

A18 

BF 

1.61 

+0.06 

12.43 

+0.65 

74 

PS3Q0T 

A18 

BF 

1.73 

+0.36 

4.55 

+0,23 

75 

TP3 

A18 

BF 

8.77 

+0.10 

9.47 

+0.37 

76 

TP4 

A18 

BF 

4.86 

+0.10 

14.69 

+0.63 

77 

TP5 

A18 

BF 

2.59 

+0.38 

6.98 

+1.49 

78 

TP6 

A18 

BF 

2.88 

+0.23 

13.34 

+1.06 

79 

TP 7 

A18 

BF 

2.70 

-0.13 

11.52 

-1.31 

80 

T41CT2 

A18 

BF 

2.02 

-1.29 

5.43 

-3.04 

81 

P14Q0T 

A18 

BF 

5.35 

+0.08 

12.43 

+0.65 

82 

TP12 

A18 

nT ? 

pr 

1.27 

+0.10 

4.40 

-0.44 

83 

PS3Q0T 

A18 

PCNL 

2.00 

+0.44 

5.00 

+0.79 

84 

TP3 

A18 

PCNL 

7.84 

+0.07 

3.39 

+0.14 
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Table IV. Mode Analysis Thrust Accuracy Results (Complete), (Continued) 


(Shown as Percent of Point) 


Mode No. 

1 

Mode Parameter 

| SLS Takeoff 1 

RSS FN FN Det 

Climb 0. 7/25K 1 

RSS FN FN Det 1 

85 

TP4 

A18 

PCNL 

4.36 

+0.08 

12.78 

+0.36 

86 

TP5 

A18 

PCNL 

2.36 

4.31 

5.40 

+0.87 

87 

TP6 

A18 

PCNL 

2.50 

+0.18 

10.97 

+0.63 

88 

TP7 

A18 

PCNL 

2.22 

-0.13 

10.69 

-1.31 

89 

T41CT2 

A18 

PCNL 

2.32 

-1.48 

6.68 

-4.24 

90 

P14Q0T 

A18 

PCNL 

4.59 

+0.05 

10.57 

+0.38 

91 

TP12 

A18 

PCNL 

1.43 

+0.15 

3.26 

+0.10 

92 

PS3Q0T 

M14 

PCNL 

3.02 

+0.51 

5.04 

+0.79 

93 

TP 3 

M14 

PCNL 

7.64 

+0.07 

10.05 

+0.15 

94 

TP4 

M14 

PCNL 

4.42 

+0.07 

14.24 

+0.37 

95 

TP5 

M14 

PCNL 

2.16 

+0.29 

6.33 

+0.88 

96 

TP6 

M14 

PCNL 

2.43 

+18.00 

11.98 

+0.64 

97 

TP 7 

M14 

PCNL 

3.31 

-0.19 

12.55 

-1.34 

98 

T41CT2 

M14 

PCNL 

4.59 

-2.08 

6.95 

-4.27 

99 

P14Q0T 

M14 

PCNL 

4.13 

+0.07 

11.08 

+0.37 

100 

TP12 

M14 

PCNL 

2.81 

+0.16 

3.34 

+0.10 

101 

PS3Q0T 

P14Q0T 

PCNL 

1.84 

+0.34 

4.59 

+0.75 

102 

TP 3 

P.UQ0T 

PCNL 

8.34 

+0.07 

6.91 

+0.28 

103 

TP4 

P14Q0T 

PCNL 

4.24 

+0.07 

8.06 

+0.37 

104 

TP5 

P14Q0T 

PCNL 

3.12 

+0.38 

5.50 

+0.65 

105 

TP6 

P14Q0T 

PCNL 

2.77 

+0.20 

7.54 

+0.50 

106 

TP 7 

P14Q0T 

PCNL 

1.98 

-0.08 

7.61 

-0.29 

107 

T41CT2 

P14Q0T 

PCNL 

2.15 

-0.90 

5.59 

-2.84 

108 

TP12 

P14Q0T 

PCNL 

1.64 

+0.12 

3.14 

+0.14 

109 

TP4 

PS3Q0T 

8F 

4.22 

+0.13 

47.28 

-0.95 

110 

TP5 

PS3Q0T 

6F 

1.54 

+0.37 

9.22 

+1.85 

111 

TP6 

PS3Q0T 

8F 

1.96 

+0.27 

61.07 

+3.89 

112 

TP12 

PS3Q0T 

8F 

12.38 

+1.98 

12.94 

+1.82 

113 

TP4 

PS3Q0T 

PCNL 

4.72 

+0.04 

5.60 

+0.83 

114 

TPS 

PS3QOT 

PCNL 

1.55 

+0.36 

5.92 

+0.78 

115 

TP6 

PS3Q0T 

PCNL 

2.05 

+0.24 

5.77 

+0.81 

116 

TP12 

PS3Q0T 

PCNL 

14.34 

+2.22 

18.46 

+2.47 

117 

PS3Q0T 

PCNL 

6F 

3.76 

+0.86 

5.23 

+0.87 

118 

TP3 

PCNL 

8F 

7.35 

+0.06 

15.61 

+1.34 

119 

TP4 

PCNL 

8F 

4.51 

+0.08 

25.10 

+1.89 

120 

TP5 

PCNL 

8F 

1.95 

+0.22 

7.66 

+1.69 

121 

TP 6 

PCNL 

8F 

2.44 

+0.16 

17.69 

+1.76 

122 

TP7 

PCNL 

8F 

3.37 

-0.14 

18.37 

-1.31 

123 

TP12 

PCNL 

BF 

3.46 

+0.41 

3.52 

+0.19 

124 

WFQPT0 

A18 

6F 

1.27 

-0.85 

3.92 

-1.89 

125 

WFQPTO 

A18 

PCNL 

1.43 

-0.96 

3.44 

-2.18 

126 

Mil 

WFQPTO 

PCNL 

3.18 

-2.44 

3.77 

-2.52 



Table IV* Mode Analysis Thrust Accuracy Results (Complete), (Concluded) 

(Shown as Percent of Point) 


Mode No. 

Mode 

Parameter 

SLS Takeoff 
RSS FN FN Det 

Climb 
RSS FN 

0. 7/25K 
FN Det 

mm 

WFQPTO 

PCNL 

6F 

4.08 

-1.99 

3.99 

-2.26 


WFQPTO 

M14 

PCNL 

3.10 

-1.27 

3.61 

-2.19 

■ 

Mil 

TP5 

TP12 

1.46 

+0.24 

5.49 

+0.53 

130 

M14 

PCNL 

0F 

— 

— 

16.15 

-1.37 

131 

M14 

T49QT2 

BF 

— 

— 

8.17 

-4.31 

132 

P14Q0T 

TP3 

8F 

— 

— 

7.41 

+0.48 


*This case was not a control mode case; It was run for deriatives only. 

**Mode as repeated for SLS takeoff using a second and more optimistic 
estimate for the P14Q0T statistical error (i.e. , a sensing system was 
assumed that would use fan AP and PTO - the P14Q0T error was reduced 
from ±1.14% to ±0.81% by this means). 


Note: The results for the climb condition include the effects of a 

±0.01 variation in flight Mach Number. 













"deterioration" exceeds that required to maintain constant thrust. Thrust 
results are all in terms of percent-of-point of installed net thrust. 

The results for the climb condition include the effects of a ±0.01 
variation in the flight Mach number. This variation can be viewed as a real 
error in MO or as an error in the MO data provided to the engine control. 

The initial list of modes was reduced to those remaining in Tables V and 
VI using as criteria thrust stackup, deterioration magnitude, fan stall 
margin stackup, inlet Mach stackup (where "floating"), turbine inlet tem- 
perature stackup, and fan speed stackup (where "floating"). The process of 
elimination was continued as follows: 

1. Modes using TP12 were eliminated from experimental engine candi- 
dates primarily for (1) uncertainty regarding water ingestion 
effects on fan temperature rise measurement and (2) because of the 
slow response Inherent in temperature measurement devices. More 
data are needed on the correlation of TP12 with thrust under 
unusual atmospheric condition; more data are also needed for 
temperature profile variation which affects the choice of location 
and the number of sensors. 

2. Modes using P49/PTO were eliminated from the experimental program 
because the applicable F101 engine hardware did not allow adequate 
instrumentation. Analysis results do not show a decisive superi- 
ority of P49/PTO over PS3/PT0 considering the added cost, weight, 
and reliability factors associated with engine design (close- 
coupled turbine and multiple-probe acquisition system needed to get 
an accurate P49 signal). 

3. The control modes using T41C were not seriously considered in the 
elimination process leading to the primary control, basically 
because a turbine temperature parameter had already been chosen to 
provide a safety override function. Therefore, a redundancy 
advantage would be lost if the temperature were also used as the 
thrust parameter. T49 was eliminated for the same reasons given 
above for P49. 

4. The control modes which included WF/PTO were eliminated for a 
combination of factors. The deterioration effects were relatively 
large (but not so large as to be definitive without other factors); 
fuel flow measurement is used in the computed temperature parameter 
T41C; the estimated fuel flow measuring accuracy needs more 
experimental verification; and perhaps more development may be 
needed for assurance reasons. 
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Table V. Mode Analysis Results (Summary) SLS 


Rank 

Mode 

No. 

Mode 

Identification 
12 3 

5 

Thrust 

P.I. 

FN 

RSS 

T41 

Stack up 
SM12 

<±) 

Mil 

Det. 

1 

82 

TP12 

A18 

6F 

1.32 

1.27 

2.0 

9.2 

1.5 

+0.1 

2 

91 

TP12 

A18 

PCNL 

1-48 

1.43 

2.0 

5.5 

2.0 

+0.1 

3 

125 

WF/PTO 

A18 

PCNL 

1.93 

1.43 

1.1 

5.6 

2.0 

-1.0 

4 

120 

TP5 

PCNL 

8F 

2.05 

1.95 

2.6 

7.9 

2.6 

+0.2 

5 

26 

TPS 

Mil 

PCNL 

2.11 

1.96 

2.2 

7.2 

1.7 

+0.3 

6 

21 

A18 

Mil 

PCNL 

2.12 

1.97 

2.3 

7.4 

1.7 

+0.3 

7 

83 

PS3/PT0 

A18 

PCNL 

2.20 

2.00 

2.8 

7.7 

2.7 

+0.4 

8 

88 

TP7 

A18 

PCNL 

2.27 

2.22 

2.9 

10.3 

2.8 

-0.1 

9 

1 

PCNL 

A18 

8F 

2.39 

2.34 

2.9 

10.4 

2.5 

-0.1 

10 

34 

P14/PT0 

Mil 

PCNL 

2.44 

2.34 

2.3 

8.1 

1.7 

+0.2 

11 

86 

TP5 

A18 

PCNL 

2.51 

2.36 

3.0 

9.2 

3.3 

+0.3 

12 

121 

TP6 

PCNL 

ISF 

2.54 

2.44 

2.5 

8.6 

2.6 

+0.2 

13 

27 

TP6 

Mil 

PCNL 

2.55 

2.45 

2.2 

8.2 

1.7 

+0.2 

14 

23 

PS3/PT0 

Mil 

PCNL 

3.63 

3.38 

2.4 

10.6 

1.7 

+0.5 


*Root Sum Square of FNIN Plus 1/2 Deterioration 









5. Modes using P14/PT0 and TP6 (which includes P14/PT0) had poor 
thrust control performance at the cruise condition unless used in 
combination with TP12 or PS3/PT0. These exceptions, where they 
looked competitive for thrust control (modes 66, 71, 101, 104, 107, 
108, and 115), were spoiled by other considerations. Fan speed 
"floated" in mode 66 and the stackup was ±3.6% at takeoff and over 
8% for the climb case. Mode 71 was rejected for the same reason. 
Modes 101, 104, 107, 108, and 115 all had excessive stackups for 
inlet duct Mach number for operation at climb power setting at 
altitude. These modes would be good candidates for an engine with 
a conservatively-sized inlet duct but they are not good candidates 
for control at takeoff. 

6. For a low-pressure cycle engine with variable geometry, the power 
control schedules make large memory demands for multivariable 
functions. An important advantage was recognized for a common 
power control mode for both takeoff and climb. Using this criterion, 
the remaining takeoff modes (Table V) which wouldn't perform well 

at altitude were eliminated. The dividing line was chosen as 5.5% 
stackup in installed thrust at the climb condition. The arbitrary 
appearance of the 5.5% value resulted from the fact that there was 
a tight group of three that gave better performance and a fairly 
large gap separated these from the next best mode (i.e. , M11-A18- 
PCNL) . 

7. The only modes remaining at this stage were numbers 23, 83, and 26. 
Only two of the thrust parameters survived to this stage - PS3/PTO 
and TP5. TP5 was later eliminated for experimental engine consid- 
eration based on a controls stability problem as discussed in 
Section 4.6.3. Modes 23 and 83 will be tested on the experimental 
engine. 

The relatively large thrust stackups at takeoff for the selected modes 
(±2% for 83 and ±3.38% for 23) are cause for discussion. Thrust tolerance 
for the CF6-50 at rated fan speed is stated to be less than ±1% (excluding 
deterioration which is about -0.5%). The stipulation "at rated fan speed" is 
very important for it means zero tolerance on the thrust setting parameter. 
When a tolerance on corrected fan speed is included equal to the 0.38% used 
in the QCSEE analysis, the thrust spread becomes ±1.45%. The UTW engine has 
variable geometry aot used on the CF6 which introduces additional variation. 
For example, the analysis of QCSEE mode 83 reflects the variable A18 and 
8F by including tolerances of ±1.2% A18, ±1.5% fan airflow, and ±1.5% fan 
efficiency. These tolerances are ±0.5%, ±1.2%, and ±0.65%, respectively, in 
a comparable CF6 analysis reflecting only the estimated manufacturing tol- 
erances of a fixed A18 and a fixed geometry fan. 
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Mode 83 thrust tolerance could be improved somewhat by making a control 
adjustment on the engine based on the measured turbine diaphragm area, or 
trimming diaphragms in production as a result of the flow checks which are a 
routine production procedure. This has the potential of reducing the thrust 
stackup approximately 0.3 percentage points. Other opportunities for 
improvement would have little effect except for the PS3/PT0 Instrument itself. 
As an example of the potential improvement, a reduction of the PS3/PT0 
tolerance to ±0.3% would reduce the ±2.0% FN to ±1.8% FN. 

Mode 23 includes direct control of the primary inlet-radiated noise 
parameter and has a slight advantage in this respect, but a price must be 
paid for this feature. As with mode 83, there are potential improvements. 
Effects of turbine diaphragm-area variation if eliminated would reduce the 
±3.83% to 2.89%. A reduction of the PS3/PT0 tolerance to ±0.5% would further 
reduce this to 12.57% FN. Other error sources are fairly evenly distributed* 
among customer bleed, A49, turbine cooling, and component efficiencies. 

One of the goals of the experimental engine test program is to obtain 
data which can be utilized to define a better thrust setting parameter (or 
parameters) than PS3/PT0. Particular attention will be given to data per- 
tinent to TP5, or parameters closely related to it, evaluating the potential 
of using such a parameter for controlling thrust at high power settings and 
using a more traditional parameter at low power settings if the stability of 
TP5 proves inadequate as predicted by analysis (reference Section 4.6.3). 

4.3 PARAMETER INTERRELATIONSHIPS 

The control mode analysis just described does not identify the inter- 
relationship between manipulated and controlled variables. That is, it does 
not identify which of the three manipulated variables (HF, $F, or A18) should 
be used to control each of the controlled variables in any given control 
mode. Further analysis is required to accomplish this. 

Ideally, each manipulated variable would have an effect on its control 
variable and no other, and this ideal would hold throughout the flight map 
and required power ranges. With the QCSEE cycle we were very far from an 
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ideal coupling situation, and the first problem was to link variables to 
produce the least amount of cross-coupling and gain changes in the operating 


ranges. With the selected thrust parameter, PS3/PT0, the choice for engine 
variable was clearly defined as WF (shown by comparison of derivatives): 


SLS Takeoff 

Max. Climb 

7Atif 3( ^ (wlth Al8 and 6F constant) 

0.547 

0.580 

(with WF and BF constant) 

%AAlo 

-0.126 

-0.233 

(with WF and A18 constant) 

*Apr 

0.004 

-0.577 


The choices for A18 and BF are less clear. Table VII shows the deriv- 
ative matrices at takeoff and maximum climb for control mode 23. 

With the choice of WF to control PS3/PT0, the first row and first column of 
these matrices are eliminated. Examination of the remaining matrices shows 
that, for the SLS case, the effect of A18 on Mil is identical to the affect 
of A18 on PCNL, but the effect of BF is much greater on PCNL than it is on 
Mil. Choosing BF to control PCNL therefore minimizes the undesired coupling 
of BF to Mil. For the maximum climb case, cross-coupling is also minimized 
but not to the same degree as for the SLS case. 

Thus, the UTW control variable interrelationships were established 
with the manipulation of WF to control the thrust parameter (PS3/PT0), BF 
to control fan rpm, and A18 to control inlet throat Mach number (XM11). 
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Table VII. Controls Coupling Derivatives. 
SLS Takeoff 


Engine Variables 
(Independent) 

Control Parameters (Dependent) 
X PS3/PT0 X Mil % PCNL 

% WF 

0.547 

0.458 

0.503 

% A18 

-0.126 

0.441 

0.441 

X SF 

0.004 

-0.812 

2.907 

Maximum Climb 0.7/7.62 km (25K ft) 


Engine Variables 

Control Parameters (Dependent) 

(Independent) 

X PS3/PT0 

X Mil 

X PCNL 

% WF 

0.58 

0.404 

0.500 

% A18 

-0.233 

1.036 

1.281 

% 8F 

-0.577 

-3.61 

5.031 
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At this point it would be well to point out that a limitation exists 
with most all thrust parameters which is related to interrelationships between 
variables. A major objective of the QCSEE design studies was to establish 
as the thrust parameter a variable which was uniquely related to net thrust. 
This uniqueness was to hold even for large changes in flight Mach number, com- 
pressor bleed, and off-design variable geometry ($F, EC, A18). The objective 
was also to avoid use of a flight Mach number signal in the engine control; 
the reason being that it is unlikely that the variables needed to compute Mach 
number could be measured with desired accuracy on the powerplant, and airframe 
supplied signals were to be avoided if at all possible to avoid placing air- 
craft dispatch reliability at the mercy of any off-engine device. 

The objective of avoiding Mach number (MO) signal dependence was not 
met. The pressure ratio of the cycle being much lower than conventional 
cycles was the primary factor, the variable geometry fan and duct nozzle 
were major contributing factors, and the inability to measure total pressure 
between the turbines was the coup-de-gras. The thrust parameter which ccmes 
the closest to being independent of MO is PS3/PT0. Therefore, the magnitude 
of the control errors due to loss of MO signal is less than for TPS (the 
only other survivor of the error studies as applicable to the demonstrator 
program). Figures 15 and 16 show the lesser sensitivity of PS3/PT0 to MO; 
it also shows a greater sensitivity to bleed and ambient temperature effects. 

The problem of finding a unique thrust parameter was not satisfactorily 
resolved for the demonstrator program, but approaches that promise a satis- 
factory solution for a flight engine have been identified. Two of these 
approaches that may be mentioned here await only the larger capacity digital 
computer which is anticipated for a flight engine design. The first applies 
to TP5 which already has a high degree of uniqueness for variables other 
than MO. The approach is to convert TP5 to a net thrust parameter defined 
as follows: 

PTO ” PTO ” PTO ~ Aia ^2 (MO) - k2 \/f l(MH) Jf3(M0)J 
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The second approach is particularly applicable to PS3/PT0, but the 
technique can also be used to further improve on a net-thrust version of 
TP5 . The second approach, as defined in block diagram fora in Figure 17, 
makes the power lever the basis for a thrust parameter indication synthesized 
from PLA, control errors (such as resulting from limits or actuator mal- 
function), and a bleed signal. 

4.4 SCHEDULEAB1LITY 

Another study performed in conjunction with the control mode analysis 
was one involving scheduleability. Power control scheduling requirements 
were considered for alternative modes using PS3/PT0, TPS, TPS* and P14/PT0 as 
thrust parameters. Flight-* type schedules were considered in order tnat mode 
selection criteria would be comprehensive* Cycle data were run as required 
to define ideal schedules for both takeoff and climb conditions. The 
operating conditions covered by the cycle data were as follows* 

Takeoff; 0 < MO < 0.378, 10. 1 < PTO <16.2/., 0,74 <T12/T Ref. <1.06 

Climb; 0.378 < KO < 0.80, 7.57 < PTO < 16.22, 0.82 <T12/T Ref. <1.10 

Matrices of cycle points were run for five levels of the T12 parameter, 
four levels of M0, and four levels of PTO, A minimum of 80 points for take- 
off ana 80 points for ciimb was considered necessary to evaluate characteris- 
tic trends; much more data would be run for final design schedules. The 
rationale for organizing data requirements is as follows: 

1. The matrix is defined in terms of the schedule parameters which 
would be used for scheduling the mod controlled variables. 

2. T12/T Ref. was chosen over T12 in order that the control schedules 
data arrays would use the minimum number of points for accuracy. 

And also accommodate the engine rating plan which leads to a sharp 
dichotomy between the temperature range on which thrust is flat- 
rated and the range in which it decreases to prevent turbine over- 
temperature. This dichotomy is established on the basis of a 
differential above standard day temperature and, thus, the tempera- 
ture at which the thrust rating changes from rlat to decreasing 
varies with altitude* 

3. T Ref. is defined as a function of PTO (Figure ^ 8) which is a 
measured parameter rather than P0 which probably will not be avail- 
able on the typical aircraft installation. To accommodate this 
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approximation a climb profile appropriate to the aircraft is defined 
(MO vs. PO, see Figure 19) which is nominal and MO is treated as 
a plus and minus trim from the nominal MO profile. The situation 
is analogous to the T12 reference scheme, but an explicit M0- 
reference schedule is not as important as for T12 because no sharp 
discontinuities are required for MO effects on the control 
parameters. 

The cycle deck was set up to run the "rated" power data using the 
following procedure: 

1. Data cases for the "corner point" day (TO = 31° F above standard 
for takeoff and 18 15 F above standard for climb) where T12/T Ref. = 
1.0 were run first. T41 was an input demand at the rated tempera- 
ture (2914° R for takeoff and 2850° R for maximum climb). Fan 
stall margin was also a power control demand and was selected as 

a function of PTO based on the basic engine design objectives. 

Throat Mach number (Mil) was also input at its "requirements" 
value for takeoff. There were no Mil requirements for the maximum 
climb, but cycle data based on performance optimization showed 
that a constant value for Mil would be an appropriate criterion. 

2. After data points were checked for the "corner point" day, the 
data cases were run for all of the "hot" day cases using the same 
power control criterion defined in item (1). 

3. Different power control criteria were used for the "cold" day 
cases. The same Mil values were used but to maintain flat-rated 
thrust the other two input parameters were $F and A18. The 
values for these parameters were lifted from the "corner point" 
cycle data to keep the same A18 and BF as defined for each MO and 
PTO. 

Control schedules were defined from plots of cycle data value for the 
control parameters. Figures 20 and 21 present the primary schedules for 
PS3/PT0 and PCNLR. Trim schedules as functions of MO are given in Figure 
22. Figure 23 shows a possible means of implementing schedules for a UTW 
flight- type design. 


4.5 TRANSIENT RESPONSE CAPABILITY 


Another factor considered during the control system analysis process 
was transient response. This was done primarily through the use of a 
hybrid-computer simulation of the engine and control system which was 
developed as the control mode analysis and parameter interrelationship 
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studies progressed. This computer simulation was used to explore the 
various potential control modes from a stability and transient response 
point of view. 

The two basic QCSEE UTW response time requirements are 1.0 second 
maximum from 62% to 95% net forward thrust (sea level to 1.83 km [6000 ft] 
elevation) and l.S seconds maximum from maximum Installed net forward 
thrust to maximum reverse thrust. 

The forward thrust response requirements are aimed primarily at the 
landing approach conditions in which rapid thrust recovery is sometimes 
required. Using the preferred control modes established by the mode and 
variable interrelationship analyses , the hybrid-computer simulation was 
used to determine that the best transient response from the 62% thrust 
approach condition is to schedule variables as follows: 

a Fuel flow manipulated to maintain the scheduled PS3/FT0 for 62% 
thrust. 

a Fan exhaust area open to a roof limit (attempting to maintain high 
Mil). 

a Fan pitch angle closes to maintain high fan rpm. 

Transient data traces from an acceleration made on the hybrid-computer 
simulation with this type scheduling are shown in Figure 24 and described 
below: 

i} The left-hand end of the traces show conditions existing at 62% 
thrust. 

a The transient thrust response time from power setting change to 
achievement of 95% thrust is 0.65 seconds. 

a The fuel flow is increased but limited by the acceleration fuel 
schedule to prevent compressor stall and excessive turbine over- 
temperature. Minimum compressor stall margin is 17.0% and turbine 
temperature peaks at +70 degrees above the final temperature. 

a The fan exhaust nozzle is moved rapidly to a position slightly 

less than takeoff area. This action provides a rapid Increase in 
thrust (62% to 73% in 0.35 seconds) and limits the inlet Mach 
number overshoot to 0.01 above the final steady-state value of 
0.78. 
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• The fan pitch starts to open rapidly at approximately 0.35 seconds 
after the step increase in power setting. It is opened because 
the fan speed-pitch control senses the acceleration of the fan 
above the scheduled takeoff speed. Opening fan pitch increases 
fan airflow and thus maintains the rapid thrust increase in the 
time interval from 0.35 to 0.9 seconds. At approximately 1.0 
second, the fan decelerates back to the scheduled takeoff speed. 

The fan pitch then closes and opens slightly while settling to 
the steady-state takeoff fan speed. 

The specified tolerance for the WF/PS3 acceleration fuel schedule in 
the hydromechanical control affects the core engine acceleration time, 
which in turn, affects the time to achieve 95% net thrust during a throttle 
burst from 62% to 100% net thrust. In this engine operating range, the 
specified tolerance for the acceleration fuel schedule is ±4% from nominal. 
The effect of this ±4% tolerance on transient response was investigated on 
the simulation. The results in Figure 25 show the response-time trend as a 
function of the acceleration fuel schedule tolerance. In this figure, the 
time-scale multiplier indicates the time to accelerate from 62% to 95% 
thrust as compared to the baseline case of zero acceleration fuel schedule 
tolerance. For example, this figure shows that the nominal response time 
from 62% to 95% net thrust should be multiplied by approximately 1.3 when 
the acceleration schedule operates at the -4% tolerance limit and by approxi- 
mately 0.85 for the +4% tolerance limit. These results indicate that the 
1.0 second acceleration time goal can be met because the acceleration 
schedule, if it falls in the low side of the tolerance band, can be adjusted 
upward using the specific gravity adjustment on the hydromechanical fuel 
control. 

The hybrid-computer simulation was also used to investigate transients 
between forward and reverse thrust conditions. Reverse thrust is achieved 
on the UTW engine by reversing the pitch of the fan blades so that flow 
through the fan reverses. The fan exhaust flaps are actuated to a divergent 
position (relative to the forward airflow direction) in which they serve as 
an inlet for the reverse fan flow. The control system must perform the 
pitch and nozzle actuation rapidly while maintaining safe engine operation. 

The UTW engine is designed for fan-pitch actuation into reverse in two 
directions; one is the forward -to-reverse-pitch angle changes thru stall 
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(i.e*, feather); the second is angle changes thru flat pitch. During 
transition between the forward and reverse thrust fan-pitch angle positions , 
the fan shaft power absorption decreases and thus causes a tendency for the 
fan to accelerate. Quantitative information on fan horsepower during 
transition does not exist at this point in the UTW experimental engine 
development program and will not be known until the fan is tested on the 
engine. It is expected, however, that transitions through flat pitch will 
have less fn shaft power absorption and thus more tendency to overspeed 
when compared to reverse transients through stall* 

Because of the unknown fan shaft power absorption level, the computer 
simulacrum has been used to investigate a range of minimum fan horsepowers 
during the transients to reverse. The objective has been to determine the 
range of control adjustments needed to prevent excessive fan speeds and yet 
achieve the required tra..oient time of 1.5 seconds during experimental 
engine testing. This study on reverse thrust transients was performed at 
see level static (SLS) stanuard day condition. 

Re/erse Transients Through Stall - A transient from takeoff power to 
maximum reverse through stall is shown in Figure 26. The left-hand portion 
of this figure shows the specific values of selected engine and control 
variables at the takeoff power condition. The transient to reverse is 
initiated by the reverse inland. Upon receipt of this signal the control 
system operates as follow. 

• Power control of the engine is switched from the pressure ratio- 
fuel control mode to a core speed fuel control mode. The core 
speed demand is set at a flight ido.e position which causes the 
fuel to decrease. 

• The fan pitch angle is opened to a predetermined reverse position. 

• When fan pitch angle passes a predetermined interlock position, 
the power control of the engine is switched from the flight idle 
co^e speed-fuel flow control mode to the fa u speed-fuel flow 
control mode. 


As shjwn in Figure 26, the nozzle area and fan pitch are moved rapidly 
from the takeoff tc the reverse position. Fuel flow is reduced and produces 
a corresponding reduction in turbine inlet temperature and core speed. Fan 
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Figure 26* Transient from Takeoff to Maximum 
Reverse Through Stall at Sea Level 
Static, Standard Day. 
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speed decreases and then increases due to the expected reduction in fan 
horsepower during transition through stall. For the transient in Figure 
26, the pitch angle, fuel flow interlock position is set at -80 degrees* 

(Note: Reverse transients through stall were performed for Interlock 

positions over a range from -20 degrees through -80 degrees. The digital 
control system includes an adjustment on the interlock position so that the 
best setting can be established experimentally during engine test,) When 
pitch angle passes through the -80 degrees interlock point, the power 
control is switched to the fan speed-fuel flow control mode. Since fan 
speed is above the final value, fuel flow continues to decrease and eliminate, 
the fan speed error to achieve the final steady-state speed. Reverse 
thrust is achieved in approximately 0.7 seconds after initiation of the 
reverse command. 

Time from forward- to-reverse thrust is affected by many variables. 

Some of these are: 

• Core speed-idle speed setting - a setting too low will cause excessive 
reversal times and a setting too high will cause the fan to 
accelerate. 

• Minimum fan horsepower absorption in stall - the absolute level 
and its variations are not predictable. Horsepower absorption 
will affect times to reverse since it will affect the transient 
fan speed characteristics, which must be controlled to provide 
engine protection. Figure 27 shows the range of minimum fan 
horsepower considered in this simulation study. 

• The pitch angle-fuel flow interlock point - early releases 
should reduce time to reverse but may cause a temporary 
undesirable fan acceleration. 

• Fan-pitch rate of change 

• Fan exhaust nozzle rate of change 

• Dynamics associated with airflow reversal in the fan and its duct 

• Fan stall recovery point of the fan during the reverse transient 

The first three of the above mentioned variables were jointly investi- 
gated on the simulation. The purpose was to determine the variation in 
engine transient characteristics with several levels of minimum fan horse- 
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power absorption, core Idle speed settings, and pitch angle Interlock 
points. For the conditions Investigated, the results Indicate that the 
core idle speed adjustment should be set between 11,700 rpm to 12,500 rpm. 

With this core idle speed adjustment range and the capability to adjust the 
pitch angle interlock release point, the simulation predicts that the 
experimental engine will achieve reverse thrust in less than 1.5 seconds 
without excessive fan speeds. 

The last four items of the variables noted above were not investigated 
on the engine simulation. Sufficient data were not available to model and 
investigate the fan stall recovery point and the dynamics associated with 
airflow reversal. The fan exhaust nozzle rate of change was not investigated 
because the system is designed for rapid nozzle opening to reduce forward 
thrust. However, the experimental control system is designed with an 
adjustable nozzle rate limit so that this parameter may be investigated 
during experimental engine testing. The fan-pitch angle rate of change was 
not investigated because it is expected that a rapid rate of blade angle 
change is required to .educe the fan stresses. However, the experimental 
control system is designed with an adjustable fan-pitch rate limit so that 
this parameter may be investigated during experimental engine testing. 

Reverse Transients Through Flat Pitch - A transient from takeoff power 
to reverse through flat pitch is shown in Figure 28. The left-hand portion 
of this figure shows the specific values of selected engine and control 
variables at the takeoff power condition. The transient to reverse is 
initiated by the reverse command. Upon receipt of this signal, the control 
logic causes the fuel flow to decrease, the fan nozzle to open to its reverse 
position, and the fan pitch to close to its reverse position. For this tran- 
sient, power control of the engine is switched from the pressure ratio-fuel flow 
mode, to the core speed-fuel flow control mode, and finally to the fan speed- 
fuel flow control mode - in the same manner as for the reverse transients 
through stall. 

As shown in Figure 28, the nozzle area and fan pitch are rapidly moved 
from the takeoff to their reverse positions. Fuel flow is reduced and 
produces a corresponding reduction in turbine inlei temperature and core 
spaed. Fan speed increases due to the low level assumed for fan shaft 
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horsepower absorption (minimum * 2000 hp) . For the transient In Figure 29 
the pitch angle -fuel flow Interlock position Is set at +70 degrees. 

(Note: Reverse transients through flat pitch were performed for Interlock 

positions over the range from +30 degrees to +70 degrees. The digital 
control system includes an adjustment on the Interlock position so that the 
best setting can be established experimentally during engine test.) At the 
+70 degrees interlock point, the deceleration schedule continues to control 
fuel flow because the fan speed is above the final value. As the *an 
decelerates, fuel flow increases In order to control the fan at the final 
speed level. 

The takeoff-to-reverse transient in Figure 28 predicts that fan speed 
will exceed the maximum reverse thrust speed limit of 3408 rpm (i.e., fan 
turbine speed » 8400 rpm) when the fan shaft power absorption reduces to 
the 2000 hp minimum during the transition. 

A potential design change to reduce the above peak fan speed is to 
delay closing the fan pitch to its reverse position. This involves adding 
more logic to the control design for the experimental engine and thereby 
having different logic for reverse transients through stall pitch and 
through flat pitch. The decision has been to continue with the original 
control logic design until quantitative information on fan shaft power 
absorption has been determined from the fan evaluation portion of the 
engine test program. This decision was based on the following 
considerations : 

• Delay in closing fan pitch to reverse position could cause ur accept- 
able transient times to reverse thrust. 

• Reverse thrust transients through stall pitch had been selected 
as the primary mode. 

• As shown by simulation results in Figure 29, the original control 
design can be used for reverse transients which start from power 
settings in the approach thrust range (i.e., 60% power setting). 
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Figure 29 • Transient from 60% Power Setting to Reverse 
through Fiat Pitch at Sea Level Static, 
Standard Day. 




4.6 STABILITY ANALYSIS 


The stability analysis has been the basis for specifying the dynamics of 
the digital electronic control to be used on the first build of the QCSEE 
UTW experimental engine. The objective of the analysis has been to develop 
an accurate, stable, fast-response, closed- loop, engine control system. Both 
linear-servo analysis procedures and the hybrid-computer simulation of the 
engine and controls have been used to accomplish this objective. 

The control mode analysis, reported in Section 4.2, indicated two poten- 
tial automatic control modes for the first engine build. A stability analy- 
sis was performed on each. Results from the stability analysis indicated 
that the control dynamics for the mode of PS3/PT0-WF, N1K-8F, and XM11-A18 
could be designed to meet the objectives cited above. But problems were 
encountered in developing a stable dynamic design for the automatic control 
mode of TP5-WF, N1K-6F, and XM11-A18. As a consequence, the control mode of 
PS3/PT0-WF, N1K-SF, and XM11-A18 was selected as the primary mode for the 
first engine build. The stability analysis on this primary control mode 
is discussed in the paragraphs which follow. Next, hybrid simulation 
results on steady-state hunting of the engine and control system are pre- 
sented. Results for the primary control mode predict that peak-to-peak 
magnitudes of thrust hunting will be maintained within 0.1% limits. The 
final portion of this section discusses the stability problem associated with 
the alternate control mode of TP5-WF, N1K-8F, and XM11-A18. 

4.6.1 STABILITY OF PRIMARY AUTOMATIC CONTROL MODE 

The analysis for the primary control mode started with linear stability 
studies at the takeoff, sea level static, standard day condition. The 
QCSEE UTW cycle deck was used to generate engine partial derivatives at this 
steady-state operating condition. These engine partial derivatives along 
with linear transfer functions for the hydromechanical portions of the control 
system were used to determine the required dynamics for the digital electronic 
portion of the control system. The linear transfer functions for the hydro- 
mechanical fuel power piston and metering valve assembly, the 8F hydraulic 
motor and gear train assembly, and the AJ 8 hydromechanical actuation system 
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were developed from Information provided by the respective component engi- 
neers. The dynamics for the digital electronic control were determined based 
on the following criteria for adequate stability margin: 

e Magnitude of the closed-loop frequency response less than 
or equal to 1.5 

e At least 2 to 1 (i.e., 6 decibels) gain margin when the 
open-loop transfer function phase margin is zero 

Nichols charts were the primary method of examining the data in the 
linear stability studies. 

Interaction of the three engine control loops for the primary control 
mode was considered in the linear stability studies at the takeoff condition. 
Due to the complexity of evaluating interaction of a three-variable control 
(each having an inner servo loop and an outer loop through the engine) with 
standard servo analysis techniques, the design procedure was to establish 
control dynamics at takeoff conditions and then to use the hybrid simulation 
for stability evaluation at other conditions. 

Control dynamics were selected to produce an integration-type control 
with lead compensation. The lead time constant compensates for the major 
lag in each loop's engine transfer function. This lead over an integration 
was accomplished by lagged-rate feedback in the inner servo loop of each 
control - rather than proportional-plus-integral dynamics in the forward 
path of each outer loop. Describing function analysis for torque motor 
and servovalve hysteresis predicted oscillation when using the proportional- 
plus-integral technique (specific results are cited later in this report 
section) . 

Historically, the stability analysis started with a simplified investi- 
gation. Each control loop (PS3/PT0-WF, N1K-8F, XM11-A18) was treated as a 
separate loop with the other loops open. This provided initial estimates for 
rate feedback, lag-time constants but did not answer questions about sampling 
rate or control loop interaction effects on stability. 

To evaluate the sampling rate effect of the digital control, the A18 
position loop of the manual control was studied because of its simplicity. 
Rate feedback and the initial lag-time constant estimate were used in the 
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inner servo loop* The A18 position loop stability was analyzed using a 
hybrid simulation of digital compensation, a conventional frequency domain 
analysis, and a z-plane sample data analysis. For the conventional fre- 
quency analysis, the sampling effect was considered to be equivalent to a 
delay of 1.5 times the digital control cycle time or a 0.015 second delay. 
This delay was inserted at the point of DA (dlgital-to-analog) conversion in 
the frequency analysis. The delay represents the digital cycle delay and 
the effect of a zero-order hold DA conversion. The zero-order hold may be 
approximated by a delay of half the digital cycle time if the control is 
of the 11 Low pass" type and the sampling frequency is high (Reference 1) . 

Since the sampling frequency is 628 radians /second and the rate feedback 
inner-loop bandwidth is 35 radians /second, this is a valid approximation. 

For the case studied, the simulation indicated an outer-loop gain margin 
of 22.7 dB compared to 21.5 dB for the frequency analysis and 21.8 dB for 
the z-plane analysis. The frequency analysis predicted a phase margin of 
76° compared to 77° for the z-plane analysis. Thus, analysis in the fre- 
quency domain using 0.015 second delays at the DA conversions was felt to 
be reasonable for all loops since their bandwidths would be much less than 
the sampling frequency. 

Before further analysis on the primary automatic control mode, a defini- 
tion for the manual control mode was completed. The manual control mode 
will be used during tests to map engine characteristics. The objective was 
to have the same dynamic characteristics in the inner servo loops of both the 
manual and automatic control modes; the work was less complex when starting 
with the analysis of the manual mode. All inner loops were sized based on 
the assumption that separation between the inner- and outer-loop crossover 
frequencies would prevent loss of inner-loop stability margin due to outer- 
loop closure . 

To finish the definition of the A18 manual control mode, a study was 
made considering h>steresis to be lumped at the interface between the digital 
control and the torque mo'^or and servovalve. Using a describing function 
analysis, the outer-loop gain was sized to prevent undesirable low-frequency 
oscillations. The analysis of the A18 control loop cook into consideration 
the minimum and maximum variations of servovalve gain due to load. 
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Proportional-plus-integral control was considered for the fan speed-fuel 
flow loop of the manual control mode. It was abandoned when a describing 
function analysis for torque motor servovalve hysteresis predicted oscil- 
lations of ±1.63% WF at 9 rad Ians/ second. Since the magnitude could not be 
greatly reduced and was greater than the ±0.5% objective, the proportional 
plus Integral was abandoned In favor of lagged-rate feedback. After this 
analysis, lagged-rate feedback was used exclusively for both manual and auto- 
matic control modes. The manual mode core speed -fuel flow control loop 
was sized with the same rate feedback time constant (0.5 second) as the fan 
speed-fuel flow loop. The rate-feedback lag-time constant in the T41C fuel 
flow control was set at 0.1 seconds. The fan-pitch position control loop 
was sized with a 0.3-second rate feedback time constant considering maximum 
and minimum servovalve gains due to loading. 

After the manual control mode dynamics had been determined, the dynamics 
for the automatic control mode, were developed. The inner-loop dynamics of 
the manual modes were used as a starting point. The open-loop crossover 
frequencies of these inner loops were in the 12 to i8 radian/second range. 
Based on normal servo design procedures, this meant that the open- loop 
crossover frequencies for the automatic control loops (i.e., outer loops) 
must be lower by an octave or more than the crossover frequencies for the 
inner loop. 

To determine which should be the fastest automatic control loop, fre- 
quency response data from the engine transfer functions AN1K/A0F, A(PS3/ 
PT0)/AWF, and AXM11/AA18 were obtained for the maximum power setting at three 


points in the flight envelope: 




ALTITUDE 

AIRCRAFT 

DELTA FROM 
STANDARD AMBIENT 


(FEET) 

Mach No. 

TEMPERATURE ( e R) 

(1) 

0 

0 

0 

(2) 

0 

0.378 

0 

(3) 

30,000 

0.800 

+18 
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For these three flight points, these data Indicate that the magnitude 
variation of the 8F to NIK engine response was significantly less in the 
frequency range above 5 radians /second. See Figure 30. The conclusion 
was that minimum change in the response of the NlK-BF engine control loop 
would be achieved at the above flight points if its open- loop crossover 
frequency were designed at 5 radians /second or greater. This conclusion, 
along with the above noted procedure of setting the outer-loop crossover 
frequency an octave or more less than the inner loop, led to the decision 
to make NlK-BF the fastest loop. 

The decision to select the PS3/PT0-WF loop to be the next fastest and 
the XM11-A18 loop to be the slowest loop was based again on which would have 
the least variation in loop response at the above flight points. Data 
indicate that the magnitude variation of the A18 to XMll engine frequency 
response was least in the frequency range below 2 radians /second. Whereas 
the gain change due to the WF metering valve (triangular port shape) , in 
combination with the engine response from WF to PS3/PT0, would produce a 
sufficiently small net gain variation in the 2 to 3 radian/second frequency 
range. Therefore, the method used in the first linear analysis study was 
to size the N1K-6F open-loop crossover frequency in the 5 to 9 radian/second 
range with WF and A18 constant. Then, the open-loop crossover frequencies 
of the PS3/PT0-WF and the XM11-A18 loops were sized in the 2.0 to 3.0 and 
1.0 to 1.5 radian/second range, respectively - in each case considering 
the closed-loop modulation effects of the other two automatic controls. 

For example, the PS3/PT0-WF loop was sized with both NlK-BF and XM11-A18 
modulating. Using the dynamics of this linear study as a base, the pro- 
cedure was then one of "boot strapping" between hybrid simulation and further 
linear studies to achieve the dynamic design for the first build of the UTW 
experimental engine. 

During this hybrid simulation, linear analysis phase of design work, 
adjustments were made to the lagged-rate feedback time constants in the 
XM11-A18 loop and the PS3/PT0-WF loop from 0.278 seconds to 0.139 seconds 
and from 0.5 seconds to 0.25 seconds, respectively. 









Daring the final phase of design, hybrid simulation results indicated 
that stability margin was inadequate for the PS3/PT0-WF inner loop at takeoff 
power, sea level static, standard day condition. Examination of inner-loop 
stability with the outer loop modulating showed a loss of 30 degrees of phase 
margin to 27° and 4.2 dB of gain margin to 4.4 dB. Inner-loop stability 
margin was restored by the addition of a 0.1-second lag in the forward gain 
portion of the outer loop. Results of this frequency analysis are illus- 
trated in the Nichols chart of Figure 31. 

With the outer loops modulating, an inner-loop stability check was made 
on the N1K-6F and XM11-A18 control loops. The XM11-A18 inner loop had ade- 
quate margin. To restore the stability margin for the N1K-BF inner loop, the 
forward outer-loop gain was reduced by 10%, and a 0.05-second lag was added 
to the forward outer-loop c,ain path. 

Open-loop frequency response results for the primary automatic control 
mode of the UTW experimental engine at takeoff, sea level static, standard 
day, are shown in the Nichols charts in Figures 32 through 37. Figure 32 con- 
tains the open-loop frequency response plot for the N1K-BF outer loop, with 
the PS3/PT0-WF and XM11-A18 loops modulating. This figure shows that the 
maximum magnicude for the closed-loop response of the N1K-BF control is 
approximately 1.5 (as indicated by tangency of the open-loop frequency re- 
sponse plot with the M = 1.5 circle). It also shows that the gain margin 
is 1/0.4 = 2.5 to 1 at an open-loop phase margin of zero degrees. These 
results indicate that the N1K-BF outer loop meets the criteria for adequate 
stability margin which was cited at the beginning of this report section. 

Figure 33 shows the open-loop frequency response plot for the N1K-8F 
inner loop, with the PS3/PT0-WF and XM11-A18 loops modulating. The gain 
margin is more than adequate (i.e., 1/0.125 = 8 to 1 at the open-loop phase 
margin of zero degrees) . Figure 30 indicates that the magnitude for the 
closed-loop response exceeds the M = 1.5 maximum by a slight amount. However, 
40 degrees of phase margin is maintained at the 7-radian-per-second cross- 
over frequency, and the stability margin of this inner loop is judged to be 
adequate . 
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Figures 34 and 35 describe frequency response data for the PS3/PT0-WF 
outer and inner loops * with the N1K-FF and XM11-A18 loops modulating. Figures 
36 and 37 contain the uatu for the XM11-A18 outer and inner loops, with the 
N1K-6F and the PS3/PT0-WF loops modulating. The results for these engine 
controls loops indicate closed-loop frequency response magnitudes (M) lers 
than 1.5 and gain margins greater than 2 to 1. Therefore, adequate stability 
margin is demonstrated for each. 


4.6.2 STEADY-STAT E HUNT ING. INVEST 1C.A TI0N WITH CE VARIABLE-PITC H 
ACTUATION SYSTEM 


Another factor considered during the stability analysis of the primary 
automatic control mode was steady-state hunting due to nonlinearities in 
the control components. This was done using the hybrid-computer simulation 
of the engine and the primary control system. A simplified model of the GE 
variable-pitch actuation system was used in the simulation study; a descrip- 
tion of this simplified actuation system model is contained in the I’TW 
Engine Simulation Report (Reference 2). 

In general, accurate, high- response , closed-loop, engine control systems 
will have some degree of thrust variation at a constant power setting. 

Also, control components and their outputs will usually exhibit some un- 
wanted, more or less continual, motion or fluctuation; this is generally 
caused by nonlinear! ties such as friction, gear backlash, and parasitic 
leakages in hydromechanical components and also magnetic hysteresis in 
electromechanical components. The above mentioned variation (continual 
motion) and fluctuation are referred to as ’’hunting” . The goal for this 
engine control system design lias been peak-to-peak magnitudes of thrust 
hunting less than 0.1%. Control component wear also has been considered in 

i establishing acceptable limits on control variables. 

> 

1 The hunting predicted for the UTW experimental engine and the primary 

automatic control mode was determined at 100% of takeoff thrust, sea level 
static, standard day condition. At this condition, closed loop control of 
fan speed, PS3/PT0, and inlet duct Mach number were maintained by automatic 
continuous adjustment of fan blade pitch angle, fuel flow, and fan exhaust 


A 
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nozzle area. Nominal control gains were used. Recorded values of selected 
variables are shown in Figure 38. The initial portion of Figure 38 shows the 
sudden disturbance (retard to 60% power setting and immediately advance to 
100%) which was quickly corrected in all the variables; the remaining portion 
shows the steady-state hunting associated with these variables. For the 
nominal system design, these recorded values indicate that hunting is main- 
tained within 0.1% thrust, 0.1% on fan speed, 0.2% on fan nozzle area, 0.44% 
on fuel, 0.07° on fan blade position, and 0.001 on inlet Mach number. These 
values were judged to be acceptable. 

Deliberate changes in twelve control variables were introduced (gains, 
hysteresis, loads, etc. as described in Table VIII) with their effect on 
hunting noted. As shown in Table VIII, ten of the control variables could be 
widely varied with negligible effect. One of the two variables which did 
affect hunting was fan variable-pitch position feedback hysteresis: magni- 
tudes of hysteresis beyond 0.42° and up to one degree caused undesirable 
sustained oscillation at 0.5 to 1.0 Hz with up to 3.0% cyclic thrust variation 
and up to 1.5 Hz cyclic blade position variation, as shown in Figure 39. 

This is not a concern item because 0.03° hysteresis is expected to be easily 
maintained in the GE actuation system design. 

Undesirable hunting was also indicated for metering valve position feed- 
back hysteresis beyond 0.002 inches and up to 0.004 inches; Figure 40 shows 
that this hysteresis range caused oscillation at 1.25 Hz, up to 3.5% fuel 
flow variations, and up to 0.3% thrust variations. This is rut a concern 
item since hysteresis less than 0.001 inches is expected to be easily main- 
tained. 

The above hunting investigation was performed prior to final "tuning" of 
the digital control gains and time constants. Changes to these gains and 
time constants were relatively minor but could cause some slight difference 
in the quantitative results reported above. This is not expected to be a 
concern item because of the margins reported in the above hunting investi- 
gation. 
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Table VIII. Effect of Control Variables on System Hunting. 



position Pi edback Hysteresis, degree -» of fan pitch angle* 


Figure 39. Hunting Due to Hysteresis in Feedback Sensing o 1 Fan Pitch 
Hydraulic Motor Position at Takeoff, Sea Level Static, Sta 
dard Day. 
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Figure 40. Hunting Due to Hysteresis in Feedback Sensing of 

Fuel Metering Valve Position at Takeoff, Sea Level 
Static, Standard Day. 



4.6.3 STABILITY OF ALTERNATE AUTOMATIC CONTROL MODE 


During the initial control mode analysis, TP5 was selected as a prime 
candidate for providing accurate thrust control. TP5 is a function of the 
inlet Mach number and the exhaust nozzle area, as defined by the following 
equation : 

1000 * XM11 2 

TP5 * 

A18 * (1 + 0.2 * XM11 2 ) 6 

An alternate automatic control mode utilizing TP5 was selected in the 
initial mode analysis. It was TP5-WF, N1K-BF, and XM11-A18. A stability 
analysis was performed to establish the dynamic design for this control mode. 
Both linear-servo procedures and the hybrid simulation of the engine and 
controls were used in this stability analysis - in a manner similar to that 
reported in Section 4.6.1. 

The first step in the design process was to size the TP5-WF, N1K-6F, and 
XM11-A18 control dynamics using linear stability studies at the takeoff, 
sea level static, standard day condition. Check out of these control 
dynamics using the hybrid simulation indicated stable operation af this take- 
off operating condition but not at 65% of takeoff thrust. Linear stability 
studies were repeated and the control dynamics were tuned to achieve adequate 
stability margin at both 65% and 100% takeoff thrust. These linear studies 
included an evaluation of the inner and outer loops for each control, with 
the other two control loops modulating. As an example, Figures 41 and 42 
show the Nichols charts for the open-loop frequency response of the TP5-WF 
outer loop before and after tuning - at 65% and 100% of takeoff thrust, re- 
spectively - with the N1K-BF and XM11-A18 loops both modulating. 

The tuned dynamics were then tested on the hybrid simulation of the 
engine and control system. The hybrid simulation verified that the system 
was stable at 65% and 100% of takeoff thrust; however, it was discovered that 
the system had inadequate stability margin at 80% of takeoff thrust. See 
simulation data in Figure 43 which is for a throttle chop from 100% to 80% 
thrust and illustrates inadequate stability margin as engine and control try 
to settle out at 80% thrust. The simulation data in Figure 44 show a 
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throttle burst from 80% to 100% thrust and illustrate the adequate perfor- 
mance at 100% thrust, which was predicted by the above linear stability 
study . 




Both NASA and CJE engineers reviewed the above analysis results on stabi- 
lizing the alternate control mode. It was noted that substantial effort 
had been directed to stabilizing this control mode - because initial control 
mode studies indicated potential benefits in using TP5 to provide accurate 
thrust control. However, analysis results predicted difficulties in 
achieving a consistently stable and fast responding control system in the 
part-power-setting range. The decision was that the alternate control mode 
could not bo designed to work satisfactorily over a wide range of power 
settings on the UTW experimental engine. Furthermore, any future develop- 
ment of the alternate control mode should consider limiting the authority 
of the TP5-WF control to the 90% to 100% thrust range. For example, a pos- 
sible configuration would be to use the primary control mode of PS3/PT0-WF, 
NIK-pF, and XM11-A18 below 90% thrust, and then transfer to the alternate 
control mode in the 90% to 100% thrust range. 
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4.7 FAILURE ANALYSIS 

A QCSEE UTW control system failure analysis was undertaken when the 
system and component designs were essentially complete. Its purpose was to 
check on how well the system meets the design goal of having no failure modes 
which can cause serious engine damage or, in a flight design, cause flight 
safety problems. The failure analysis was supplemented by simulating certain 
key failures on the hybrid-computer model of the engine and control system. 

The basic failure analysis is included as Appendix B and the computer simula- 
tion of failures is included as Appendix C. Both are discussed below. 

The analysis was conducted using the failure mode and effects technique 
in which a list is made of the various system element failures which might 
occur, and the effects of each failure on the system and engine are defined. 
The analysis verifies that most control system failures either have (1) 
little or no effect because of redundancy or backup limits or (2) they cause 
operational changes in a 3afe direction for an experimental engine or an 
engine on a multiengine aircraft. Failures which do not fall into one of 
these categories are discussed below. 

Loss of A18 Feedback (Failure B2) - This results in a fully closed nozzle 
and, at some operating conditions, possible fan stall. Feedback redun- 
dancy would virtually eliminate this failure mode and would probably be 
applied to flight design. However, for the experimental engine system, 
the digital control hardware change necessary to add this redundancy was 
not felt to be justified because of the proven reliability of internally- 
mounted actuator LVDT* s, the limited operating range in which this failure 
can cause stall, and the ability of the fan to tolerate stall without 
damage. 

T 1 Thermocouple Sho rt i ir cuit ( Failure C5) - This can cause turbine 

overtemperature but only when the engine is operating on the T41C limit. 
Under normal conditions this limit will not be encountered frequently 
and a method of protecting against this failure mode is not being pur- 
sued . 

One other failure, the loss of the LPT speed signal (Failure B r >) , was 
idendified in the analysis as one which has undesirable consequences and, as 
a result, a system change was made to provide protection. When operating in 
the automatic mode, loss of the LPT signal causes the fan pitch to close in an 
attempt to correct the false underspeed, while fuel flow remains essentially 
unchanged attempting to hold the thrust parameter level. The result is a fan 
speed increase, probably to the emergency overspeed limit. To prevent this, 
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logic has been added to the digital control program which reduces fuel flow 
by reducing the N2 limit to idle if the N1 signal (LPT) is lost. This func- 
tion is only active when N2 is above 45*. (approximately 5% below idle) so 
that it does not interfere during engine starts. 

The hybrid-computer model simulation of failures was done after the 
analytical failure study and was directed primarily toward checking on opera- 
tional safety for the experimental engine rather than for a flight design. 

The simulation results, which are shown in Appendix C, generally confirmed 
the analytical results indicating that safe operation will be maintained for 
most control system failures. Failures where simulation results indicate 
potential problems are discussed below. 

Loss of A18 Feedback Signal (Failure B2) - The simulation verified a 
large fan stall margin loss as predicted in the analysis. The probabil- 
ity and impact ^f this failure are noted previously in the discussion of 
the analytical study. 

, TO Sensor Open or Short Indicating Minimum PTQ (Failure D2) - For Fail- 
ure D2(a), the open or short in the PTO sensor is assumed to occur at a 
location which causes the digital calculation for PTO to be at the mini- 
mum value of 2 psia, causing the digital control to calculate in the 
following manner: 

• PS3/PT0 feedback goes to maximum scaled value of 20.47. 

• The scheduled value of PS3/PT0 increases. 

• (PTO-PSll) /PTO feedback goes to maximum scaled value of 1.0. 

• The scheduled value of fan speed increases. 

The net effects on the control system (Figure 89)* are decreases in fuel 
flow (WF) and nozzle area (A18) and also closing of fan pitch. The eng- 
ine decelerates and fan stall margin decreases to the 1% to 2% range as A18 
closes to approximately 11,700 cra^ (1800 in.^). These results indicate 
the possibility of a fan stall occurring before the fan has decelerated 
to a low speed condition. This potential problem is similar to the fan 
stall problem discussed in Failure B2 and the same comments apply. 

Digital Control Fan Pitch Output Circuit to Maximum Close (Failure E6) - 
This failure pertains to a malfunction in the digital control which 
causes the electrical output to step to +80 mA. The simulation transient 
(Figure 97) # indicat es that the fan pitch actuation system will slew closed 
to the mechanical stop in less than 0.2 seconds. The effect is a large 
and quick reduction in fan shaft power absorption, and the fan accelerates 
rapidly (reaches 3406 rpm, i.e., 105Z, in less than 0.25 seconds). The 

• Appendix C 
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fan speed limit control (limi reference set at 105%) reacts and causes fuel 
flow to decrease at about 0.35 seconds after the failure; however, by this 
time, the fan speed is greater than 110% (i.e., 3568 rpm) which will acti- 
vate the Overspeed and Emergency Shutdown System. Since the simulation did 
not include a representation of this shutdown system, the transient is only 
valid in the first 0.35 seconds. The essential point of Figure 97 is to 
illustrate the potential for fan overspeed due to the above failure. Appli- 
cation of a fail-fixed servovalve in the control design would prevent the 
rapid fan pitch closure caused by this failure and thus prevent fan overspeed 
conditions which require activation of the Overspeed and Emergency Shutdown 
System. 

D igital Control A18 Outpu t Circuit to Maximum Open (Failure E8) - This fail- 
ure pertains to a malfunction in the digital control which causes the 
electrical output to step to a maximum positive current. The simulation 
transient (Figure 98) shows that the nozzle area slews open to the mechanical 
stop (A18 ■ 27,105 cnr [4170 in. 2]) in 0.4 seconds. As the nozzle opens, 
PS3/PT0 decreases; the PS3/PT0 control causes fuel flow to increase until 
limited by the calculated turbine temperature control. Fan speed increases 
and the control opens the fan pitch in an attempt to return the fan to the 
takeoff speed of 3060 rpm (for this transient, the maximum open fan pitch 
limit was set at -8°). As a consequence, the inlet Mach number increases 
to 0.84 during the first 0.15 seconds of the transient. At 0.35 seconds after 
the step increase in the control output current, the increased fan speed and 
A18 result in improper operation of the simulation. (The high fan speed and 
low fan pressure ratio due to open nozzle cause operation in an ill-defined 
region of the fan component map; this causes the oscillation which is 
readily seen on the thrust recording channel.) Therefore, the subsequent 
inlet Mach number increase to 1.0 is certainly questionable. However, the 
essential point of Figure 98 is to illustrate that a digital control failure 
causing A18 to quickly open to the mechanical stop can result in high inlet 
Mach number and thus high inlet distortion. Application of a fail-fixed 
servovalve in the control design would remedy this potential problem. 

Digital Control A18 Output Circuit to Maximum Closed (Failure E9) - This 
failure pertains to a malfunction in the digital control which causes the 
electrical output to step to a maximum negative current. The simulation 
transient (Figure 99) shows that the nozzle closed to approximately 11,700 
cnr (1800 in. 2); large nozzle aero loads (reflected as tension loads to the 
actuators) cause the closing rate of A18 to decrease as A18 approaches 
11,700 cm^ (1800 in. 2). The fan and core engine rotors remain close to 
takeoff speed conditions during the transient. The significant effect is 
that fan stall margin decreases to the 1% to 2% range, which indicates the 
possibility of a fan stall at takeoff rotor speed conditions. For a 
flight control design, application of a fail-fixed servovalve will remedy 
this potential problem. No such action is planned for the experimental 
engine because of the ability of the fan to tolerate stall without 
damage . 
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One further indication from the failure simulation study pertains to the 
set-point of the power lever input to the hydromechanical fuel control. For 
testing the engine on a standard day, it is recommended that the power lever 
be set at a position which limits maximum core speed to 13,700 rpm. Other- 
wise, certain failures will cause the core to accelerate to corrected aero 
speeds greater than 105% where compressor characteristics begin to deterio- 
rate rapidly. 

4.8 PRESSURE SENSOR LOCATION STUDIES 

Studies ve*:e conducted to determine the best method of sensing certain 
pressures which are important to the satisfactory operation of the UTW con- 
trol system and some of which are not commonly sensed on transport aircraft 
engines . 

One of the studies is related to choice of pressure sensing locations 
for the high-pressure portion of the engine pressure ratio thrust parameter. 

As stated in an earlier section, it was determined that total pressure rakes 
between the turbines were definitely out due to mechanical installation, 
cost, and reliability considerations. Static pressure was also considered 
between the turbines, but was rejected because of large total-to-static 
pressure variations to be expected in a high Mach flow channel with a very 
small LD (length-to-diameter) ratio and irregular wall surfaces. PS3 was chosen 
as the best alternative for an engine pressure ratio (EPR) signal. The 
pressure is physically a burner wall pressure taken in a region of very low 
flow velocity. Technically, the pressure is designated in the F101 cycle as 
PS3C. The pressure level is almost PT3 and there is extensive data (and 
experience of use in the F101 main and afterburner controls) for correlation 
of PS3C with PT3. 

For the EPR reference pressure there were several possibilities consi- 
dered: P12, the average fan inlet pressure; PS12, wall static pressure near 

the fan inlet; and PTO, a free-stream total obtainable either inside or 
outside of the inlet duct. P12 would be difficult to obtain and would offer 
no advantage over PTO. Extensive testing of scale model inlets have provided 
data showing an immersion of no more than 14.0 cm (5.5 in.) (full-scale 
inlet) is sufficient to get PTO at all conditions when the probe is as little 
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as 0.61 m (2.0 ft.) from the fan inlet. For reasons of noise generation 
(probe wake and fan blade interaction), ice shedding, and damage possibili- 
ties, the choice of an inside PTO measurement was rejected in favor of an 
outside PTO measurement. The outside locaton was chosen on the bottom at the 
nacelle maximum O.D.. This location was based on consultation with McDonnell 
Douglas. The final alternative of PS12 was rejected because, although it 
would be suitable for the F.PR use, it would be marginal for use in the throat 
Mach control. With PS11-PS12 sensing, inlet duct losses at maximum flow and 
with high angles of attack would have an undesirable effect on control of 
throat Mach number. The throat Mach number would rise with increased losses 
(more than 1% for each 1% increase in pressure loss between sensing points). 
This is in the wrong direction with respect to our preference and is a regen- 
erative process with effects greater than preliminary estimates. In conclu- 
sion, the choice for the engine inlet pressure is a free-streara total prer 
sure (PTO) measured outside the nacelle at the location described above. 

Data from NASA-Lewis acoustic suppression inlet testing with a 12-inch 
model inlet were used tc establish the location for sensing the inlet static 
pressure (PS11) needed for control of inlet throat Mach number. Typical data 
from this testing are shown in Figures 45 and 46. These and similar data led 
to a decision to sense PS11 using two manifolded static taps in the inlet 
inner wall, axially located at XL e 0.4 (X * distance from inlet front face 
to sensing tap, L * distance from inlet front face to fan blade leading 
edge), and each on the inlet horizontal centerline 180° apart circumfer- 
entially. The XL * 0.4 location was chosen because it is affected little by 
aircraft angle-of-at tack and crosswinds and it provides satisfactory accu- 
racy. 


4.9 STARTING STUDIES 

An analysis of the QCSEE high-pressure rotor starting performance was 
conducted to support the selection of a starter for development engine test- 
ing. Since the QCSEE core is basically an F101 PFRT (preliminary flight 
rating test design) core, there is a great deal of factory- and field-start- 
ing experience on which to base this analysis. 
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Figure 16 . Inlet Mach Number Correlation Data 







During the successful completion of the F101 PFRT ground-starting torque 
test, a leve* of engine unfited and fired torque was demonstrated. It can be 
assumed that the QCSEE core engine will exhibit approximately the same level 
of unfired torque and be capable of the same level of fired torque as was 
demonstrated by the FI 01 PFRT engine. Consequently, the engine torques used 
for the QCSEE starter selection study reflect the F101 experience and are 
shown in Figure 47. 

In addition to these torque requirements, other criteria considered in 
choice of a starter were cost, timing, installation envelope, 1±,100 rpm idle 
requirement, a 4000-rpm maximum motoring speed goal, and the fact that there 
was no firm start-time requirement for this development engine. The base 
case for this study was the sea level static, standard day condition. 

A start-time calculation program was constructed that combined the 
engine torques with typical air turbine starter characteristics. After 
examining a number of possible starters, a satisfactory characteristic was 
defined. This proposed starter was submitted to various starter vendors and 
their replies evaluated. This led to the selection of AiResearch Division's 
ATS100-277A starter (Figure 48) for the QCSEE Program. 

Estimates were made of the engine torques over a range of ambient tem- 
peratures and the corresponding start times calculated. These times are 
shown in Figure 49. 
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Figure 49. QCSEE Start Time S + udy of March 1975. 




5.0 DIGITAL CONTROL SUBSYSTEM 
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5 . 1 GENE r AL DESCRIPTION 

The digital control subsystem, shown in Figure 50, is comprised of an 
engine-mounted digital control and command and monitor peripheral equipment 
located in the control room. 

The digital control performs the computational requirements for the 
overall engine control system based on the demands received from the command 
and monitor equipment and other parameters received from engine-mounted 
sensors. In addition to generating control signals to manipulate fuel flow, 
fan pitch angle, and fan nozzle area, the digital control transmits engine 
and control data to the command and monitor equipment in the control room. 

The command and monitor equipment approximates an aircraft interface in 
that it provides the command inputs to operate the engine, and the transmis- 
sion process is the same from a hardware viewpoint as a flight-type system. 
That is, all command data are transmitted to the digital control in a time- 
shared digital format over a data link that could be adapted for a flight- 
type system. However, the command and monitor equipment have a number of 
added features to provide flexibility in testing an experimental engine. 

These include several modes of operations, provisions for manually controll- 
ing all manipulated variables, selected adjustment inputs to modify steady- 
state and dynamic characteristics of the control strategy, a fault indication 
and corrective action program, and a comprehensive control and engine para- 
meter display svstem. 

Fault indication and corrective action are part of the digital control 
strategy and are described in Section 3.3.3 of this report. Also, the con- 
trol includes provisions for readout of 48 control and engine variables from 
the command and monitor equipment in the control room. These variables are 
listed in Table IX (also see Table X). 

The Table IX data may be read out from a number of stations in tV? con- 
trol room. Any one of the forty-eight parameters may be selected for display 
on a binary-coded decimal readout on the engineering control panel and all 



118 























Table IX. Control and Engine Monitor Data. 
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Table X, Fault Indication (F.I.)* 


No. 

Fault 

Data Word 
No. 18 Digital 
Output 
Value 

Fault 

Indication 

1 

No Fault 

0000 

Off 

2 

Vib Hor. & Vert. > 40 rails 

2048 

On 

3 

Loss of Command Data Link 

1024 

On 

4 

Computer Fault Test 

0512 

On 

5 

N1 < 15% and N2 > 45% 

0256 

On 

6 

ESTMC > -60 mA 

0128 

On 

7 

Lub Supply Temp. > 180° F 

0064 

On 

8 

Lube Supply Pressure < 30 psia 
and N2 > 80% 

0032 

On 

9 

G/B Bearing Temp. > 264° F 

0016 

On 

10 

Hyd. Pump Pressure < 2500 psia 
and N2 >45% 

0008 

On 

11 

-2.5° < BF1 - BF2 > +2.5° 

0004 

On 

12 

Computer Timing Oscillator 
Failure 

0001 

On 


Sanborn Recorder Output (No. 18) Voltage « ^ * * ^ ' /n q X 10 Volts 


For multiple fault indication, the sum of the digital output values 
of the indicated failures shall be displayed. 

* Parameter 18 on Table TX. 
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parameters are transmitted serially to the remote (NASA) computer in binary 
form. Parameters 00 through 14 are available for real time analog recording 
through instrumentation connections on the interconnect panel and any of the 
forty-eight channels may be selected for analog recording through a sixteenth 
instrumentation connection. In addition, parameters 04, 05, 07, 09, 10, 12, 
and 13, along with inlet Mach number calculated from 08 and turbine temperature 
calculated from 35, are displayed in engineering units on the operator con- 
trol panel to aid in engine operation. Furthermore, the torque motor currents, 
items 00, 01, and 02, are displayed on engineering panel meters. 
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r >.2 nidi TAL dONTROl DESCRIPTION 


The digital control is an engine-mounted assembly that includes a special- 
purpose digital computer. The control accepts operational input demands and 
engine variable information in the form of a.c. and d.c. analog signals and 
digital signals and uses this information to generate engine control signals 
and engine condition monitoring data. Control inputs and outputs are given 
in Table XI and a block diagram is shown on Figure 51. 

The digital computer is composed of three major sections: the program 

memory, the central processor, and the input-output unit. Basic operation is 
described below followed by a description of the key elements shown in Figure 
51. 

A group of instructions comprising one control cycle are stored in the 
program memory. Each instruction is sequentially transmitted to the central 
processor for execution. The central processor generates timing to operate 
the computer, executes the instruction, and transmits a ready-for-next- 
instruction command back to the program memory at the completion of each 
instruction except for the jump-and-branch instructions, in which case the 
central processor also provides a new address for the program counter. When 
all of the instructions are executed, the program is repeated. The flow of 
information into and out of the computer is handled by the input-output 
section under commands from the central processor. The input-output unit 
receives command digital data from the control room and analog input control 
parameter signals. Under the command of the central processor, the input- 
output unit digitizes the signals as they are required in the computational 
sequence and transmits them to the central processor as binary encoded num- 
bers. The outputs to drive the servovalves are received in the input-output 
unit as binary encoded numbers from the central processor. Again, under the 
command of the central processor, the numbers are converted from digital to 
analog signals and are loaded and stored in sample-and-hold networks that are 
uniquely designated for each output. The sample-and-hold network outputs are 
processed using standard analog techniques to provide the output interface 
with the other components in the control system. The information contained 
in the sample-and-hold networks is updated once each cycle. 
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Table XI. Digital Control Inputs and Outputs. 
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The basic sections of the digital control are described separately 
below. 


5.2.1 Program Memor\ 


The memory has been organized to provide 16-bit words to the central 
processor. Each word cor tains four bits of operational code which, when 
decoded in the central processor, direct the central processor to perform 
one of the basic instructions. The specific instructions indicated by the 
operational codes are shown in Appendix D. The remaining twelve bits may be 
used to transmit binary numbers from the memory, address the scratch pad 
memory, or provide further instructional data depending on which instruction 
is contained in the operational code. The memory is composed of sixteen 
512 x 8 chips to provide a 4096 word capacity. 


The program counter receives an advance to the "next memory address'* 
signal from the central processor when each instruction is complete and, for 
the jump-and-branch instructions. Each combination of high and low states 
of the counter outputs are decoded as a unique location in the program memory. 
The memory then outputs the word contained at that location. The OUT 15 
instruction in the program memory is decoded in the central processor to 
reset all of the counters in the computer to zero and start the control cycle 
over. 


5.2.2 Central Processor 

The major functional blocks of the central processor are the Arithmetic 
and Logic Unit (ALU), the scratch pad memory, the control unit, the accumula- 
tor and MQ register. Figure 52 is a schematic showing the ALU, the accumula- 
tor register and the MQ register. 

The function of the central processor is to carry out the instructions 
received from the program memory. The operational code portion of each word 
received from the program memory is decoded (op-code decorder) into 1 of the 
various instructions that the central processor has been designed to perform. 
The major elements of the central processor are described below. 
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1 . Control Unit - The control unit contains the circuitry that gener- 
ates control signals in the proper sequence to execute the instruc- 
tions received from the op-code decoder. Control unit outputs are 
disbursed throughout the digital control to perform the required 
operations. 

2. Arithmetic Logic Unit - The ALU is the heart of the digital control. 
All arithmetic operations employ the ALU in their execution. The 
ALU is comprised of Dl, Al, and A14 as shown on Figure 52. The ALU 
operates on data received from the scratch pad memory at the "B" 
terminals and from the accumulator at the "A" terminals in accor- 
dance with control unit inputs received at the "S" terminals. 

Tables of the arithmetic and logic operation performed by the ALU 
are shewn in Table XII. The results of the operations performed 
are presented at the M F" terminals of the ALU. 

3. Scratc h Pad Memory - The scratch pad memory is a 256-word random 
access memory (RAM) with read/write capability. The scratch pad 
memory is addressed from the program memory at the "A” terminals 
(Reference Figure 51). When the read mode is enabled from the 
control unit, data are output at terminal "0" to the ALU from the 
location addressed and when the read mode is enabled, data at 
terminal "0 M are read into the location addressed. 

4. Accumulator Register - The accumulator register, comprised of 
devices Gl, G10, and G19 on Figure 52, is a very versatile register 
that is programmed by the control unit to accept inputs and provide 
outputs in either parallel or serial form. It accepts serial 
inputs from the sensors, instrumentation command inputs, MQ regis- 
ter, or program memory, and provides parallel outputs to the ALU, 
the scratch pad memory, and the output register as well as serial 
output to the MQ register. Data can be both left and right shifted 
in serial transmission of data through the accumulator. Point of 
input origin, destination of data outputs, as well as mode of 
operation, are established signals provided by the control unit. 

5. MQ Register - The MQ register, comprised of devices G28, E28, and 
C28 as shown in Figure 52, is used as a shift register in conjunc- 
tion with the accumulator. It is employed as a repository for data 
during the multiply, divide, and rotate instructions. 

The remainder of the circuitry shown in Figure 52, and not discussed 
above, is a portion of the control unit circuitry. 
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5.2.3 I nst ruction s 

The digital control is programmed using the set of instructions defined 
below: 
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>glcal 0 = Low Voltage 
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Out 0 - The purpose ot this instruction is to consume time while other 
functions are being performed in the control. No operation is performed 
as a result of the Out-0 command. When the Out-O instruction word is 
received from the program memory the control unit generates the following: 

A signal to the program memory instruction counter that ad- 
vances the count, sequencing the memory to the next instruc- 
t ion. 

Out 1 - The purpose of the Out-1 instruction is to transfer calculated 
output data from the accumulator to the DA output register in the input- 
output unit to start the output process. When Out-1 instruction word is 
received from the program memory, the control unit generates two signals. 

A signal to the DA output register that enables a parallel 
transfer of data from the accumulator register. 

A signal to the program memory instruction counter that ad- 
vances the count, sequencing the memory to the next instruc- 
tion. The value in the output register is continuously con- 
verted to analog value by the digital-to-analog converter. 

O uts 2 Throu gh 6 - The purpose of these instructions is to load the 
output of the digital-to-analog converter into unique sample-and-hold 
networks designated for the data contained in the output register. 

When one of these instruction is received, the control unit generates a 
signal to advance the output address counter and advance the program 
memory counter. Each output address count signal shall be decoded to 
select a specifically designated sample-and-hold network. 

Out 1 3 - The purpose of this instruction is to transmit data to the off- 
engine equipment (simulated aircraft interface). When the Out-13 instruc- 
tion is received the control unit generates the following signals: 

12 clock pulses to the monitor output shift register to trans- 
mit the data serially to the off-engine equipment. 

12 clock signals to the off-engine equipment to enable the 
off-engine equipment to receive the data. 
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A monitor sync-pulse to the off-engine equipment at the con- 
clusion of the message to update the off-engine message identi- 
fication counter. 


A reset pulse signal to the off-engine equipment if the message 
transmitted was the last message of that control iteration to 
reset the off-engine message identification counter to zero. 

A signal to the program memory instruction counter that 
advances the program count. 

Out 14 - When an Out-14 instruction is received, the control unit gener- 
ates a command pulse signal to start an AD conversion and a command to 
advance the program memory instruction counter. The AD converter is a 
successive approximation type and requires 24 pS to perform an AD conver- 
sion. Therefore, an Out-14 instruction will be inserted into the program 
far enough in advance of when the data are required to insure that 24 pS 
have lapsed before it is required in a given computation. At the comple- 
tion of the AD conversion, the converter generates a signal to advance 
the input counter. The input counter outputs are decoded to select 1 of 
32 outputs. The counter outputs are coded by the order in which they 
will be used in the control cycle. 

Out 15 - This instruction is used at the end of each computer cycle to 
recycle the computer. When an Out-15 command is received from the 
instruction decoder, the control unit generates a signal to reset the 
input, output, and instruction counters to zero and the computer cycle 
begins again. This positive reset at the end of each cycle insures that 
an occasional false trigger in the computer will not degrade the overall 
control system’s performance. 

INP <j! - The purpose of this instruction is to bring control inputs into 
the computer. This is accomplished in the following manner. After an 
AD conversion has been completed, the control parameter to be input to 
the computer is stored as a 12-bit binary number in an output register 
in the AD converter. The binary word is transmitted serially from the 
AD converter to the accumulator register through the use of a parallel 
serial converter via serial MUX No. 1. When an INP 0 instruction is 
received, the control unit generates the following signals to control 
the operation: 

A mode control signal (low level) to enable the accumulator to 
operate in the shift-right serial input mode. 
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A strobe signal of the input serializer to enable the output. 



Four signals encoded to address the input serializer causing 
the serializer output to be sequenced through its inputs one 
bit at a time to transfer the 12-bit number serially from the 
DA converter in the order of least significant bit first. 

An enable signal to establish the gating path from the input 
serializer to the accumulator. 



A twelve-pulse clock signal to the accumulator that enables 
the serial data to be input from the multiplexer. 

An "advance the program memory" instruction countercommand 
s i gna 1 . 

IN? 1 - The purpose of this instruction is to transfer data rrom the 
control room receiver shift register to the accumulator. When an IN? 1 
instruction is received the control unit generates the following signals 
to control the operation: 

Two enable signals to establish the gating path to the accumu- 
lator at serial MUX No. 1. 

A mode control signal (low level) to the accumulator to operate 
in the shift-right serial mode. 

A twelve-pulse clock signal to the control room receiver shift 
register and the accumulator to transfer the information from 
the shift register to the accumulator. 

An advance in the program memory instruction counter-command 
signal . 

LA I - The purpose of the LAI instruction is to bring numerical constants 
from the program memory into the accumulator for use in a computational 
process. As in the previous instruction, a parallel to serial data con- 
version is made using the memory serial converter to transfer the data in 
the accumulator via MUX No. 1. When the 1 j\I instruction is received, the 
control unit generates the following signals: 

A mode control signal (low level) to enable the accumulator to 
operate in the shift register-serial input mode. 

Three signals encoded to address the program memory serial con- 
verter causing the output to be sequenced through its inputs 
one bit at a time to transfer the 12-bit binary number serially 
from the program memory least significant bit first. 
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Enable signals to the serial MUX No. 1 that establishes a 
transmission path from the memory serial converter to the 
accumulator. 

A twelve-pulse clock signal to the accumulator that enables 
the serial data to be input from the multiplexer. 

An advance in the instruction counter signal to the program 
memory. 

LMI - The purpose of the IJ1I instruction is to transfer a numerical con- 
stant from the program memory to the MQ register for use in a computa- 
tional process. The process is the same as the LAI instruction. The 
data are transferred serially using the program memory serializer except 
that the data are routed into the MQ register instead of the accumulator 
via serial MUX No. 2. The MQ register is a shift register with a shift- 
right or shift-left capability. When data are being transferred from 
program memory unit to the MQ register, zero's are loaded into the 
accumulator. 

When an LMI instruction is received, the control unit generates the fol- 
lowing signals that are applicable to this operation: 

An enable signal to serial MUX No. 2 that establishes the 
transmission path from the program memory serializer and the 
MQ register. 

A signal to the MQ register that places the register in the 
shift-right mode. 

A twelve-pulse clock signal to the MQ register that enables 
the serial data to be input from the multiplexer. 

Three signals encoded to address the program memory serializer 
causing the serializer output to be sequenced through its 
inputs one bit at a time to transfer the 12-bit binary number 
serially from the program memory, least significant bit first. 

A signal to advance the program memory to the next instruction. 

L1)A - The purpose of this instruction is to transfer data from a specific 
scratch pad memory location to the accumulator. The specific location 
in the scratch pad memory from which the data are to be transferred is 
determined by the data portion of the program memory instruction word. 
This is a parallel data transfer using the arithmetic and logic unit 
(ALU) as a transmission link. 
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Upon receipt of the LDA instruction, the control unit sends five control 
signals to the AIAI to set up the control mode that will enable ALU to serve 
as a transmission link between the scratch pad memory and the accumulator. 

This control mode enables each of the 12 output lines of the ALU to be equal 
to the ALU M B M inputs only. In addition, the control unit generates the 
following signals that control the operation. 

A low-level signal to the accumulator that enables the parallel 
input mode of the accumulator. 

A signal to the scratch pad memory that enables the read mode 
of operation. 

A pulse signal to the accumulator that enters the data into 
the accumulator. 

STO - The function of this instruction is to store a 12-bit number that 
is currently in the accumulator in the 256-word read/write scratch pad 
memory. The scratch pad memory work location at which the number is to 
be stored is selected by the program memory. The data portion of the 
program memory word is used to address the scratch pad memory and desig- 
nate the scratch pad memory location. The transfer of data from the 
accumulator to the scratch pad memory is a parallel operation. When an 
STO instruction is received from the program memory, the control unit 
generates the following signals: 

A write command (low level) to the scratch pad memory enabling 
the write mode of operation of the scratch pad memory. 

An advance in the instruction counter signal to the program 
memory. 

ROT - The purpose of this instruction is to interchange the data in the 
accumulator and the MQ register so that at the end of the operation the 
number contained in the accumulator will be in the MQ register and vice 
versa. To accomplish this, data paths are established between the 
serial outputs and inputs of the accumulator and MQ register. The 
accumulator and MQ register are placed in the serial right-shift mode of 
operation and the data are transferred by 12-pulse clock input. 
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When the HOT instruction is received, the control unit generates the 
following signals to control the operation: 

An enable signal that establishes the data transmission path 
between the serial output of the accumulator and the serial 
input of the MQ register via serial MUX No. 2. 

Ar. enable signal that establishes the data transmission bet- 
ween the serial output of the MQ register and the serial input 
of the accumulator via serial MUX No. 1. 

Twelve-pulse clock signal to the accumulator and MQ register 
to shift the data in both one bit to the right for each clock 
pulse. 

An advance-the-counter signal to the program memory. 

KSHM - The purpose of this instruction is to shift the data in the accu- 
mulator and MQ register one bit to the right. Execution of this instruc- 
tion will cause the least significant bit in the accumulator to be 
shifted to the most significant bit location in the MQ register, the 
least significant bit in the MQ register to be lost, and a zero put into 
the most significant bit of the accumulator. When the RSHM instruction 
is received, the control unit generates the following signals to control 
the operation: 

A signal to the accumulator that enables the right-shift 
serial mode of operation of the accumulator. 

A signal to t lie MQ register that enables the right-shift 
serial mode of operation of the register. 

A transfer pulse to the accumulator and MQ register that 
transfers the data in both one bit to the righ: . 

An instruction counter advance signal to the program memory to 
start the next instruction. 

RSH - This instruction is the same as RSHM except that it causes the 
most significant bit to be repeated in the accumulator in order to 
preserve t he sign of the number. Control signals are also the same as 
with RSHM except there is a signal to shift the most significant bit in 
the Mi} register back to the accumulator. 
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LSH - The purpose of this instruction is to shift data in the accumulator 
and the four most significant bits in the MQ register one bit to the 
left. Execution of this instruction will result in the most significant 
bit in the MQ register being transferred to the least significant loca- 
tion in the accumulator and the most significant bit in the accumulator 
being lost. The left shift is accomplished in the following manner. 
External wiring on the four most significant bits of the MQ register 
permits MQ register left-shift operation. The accumulator left-shift 
operation is obtained by operating in the parallel load mode and employ- 
ing the arithmetic and logic unit in the F = A+A mode. To obtain a left 
shift of the most significant bit in the MQ register to the least signi- 
ficant bit in the accumulator, a data path is established to carry the 
(CN) input of the ALU. 

The control unit generates the following signals upon receipt of 
the LSH instruction. 

A high-level signal to the MQ register to enable the shift- 
left mode of operation. 

A low-level signal to the accumulator enabling the parallel 
load mode of operation. 

Five signals to the ALU establishing the F = A+A mode of 
operation. 
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A high-level signal to establish data path from MQ register to 
ALU through serial MUX No. 1. 

A clock pulse signal to the accumulator to transfer ALU outputs 
to the accumualator (left shift). 

A clock pulse signal to the MQ register to left-shift data in 
the MQ register. 

A signal to the instruction counter to advance to the next 
instruction. 

ADD - The purpose of this instruction is to add a number stored in the 
scratch pad memory to a number stored in the accumulator using the ALU. 
The sum will be entered in the accumulator when the instruction is 
complete. 
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Add instructions are accomplished in the following manner. The 
data portion of the program memory word for this instruction is used to 
address the scratch pad memory location in which one of the numbers to 
be added is stored. The scratch pad memory is then placed in the read 
mode and the number is presented at the "B" inputs of the ALU. The 
other number which is contained in the accumulator is present at the 
"A" inputs of the ALU. The CN input will be set to indicate no carry. 
The ALU control inputs will be set to place the ALU in the ADD mode, F = 
A+B, and the sum is then gated into the accumulator replacing the "A" 
number. 

When an ADD instruction is received, the control unit generates the 
following signals to control the operation. 

A high-level signal to the scratch pad memory enabling the 
read mode of operation. 

Five control mode signals to the ALU enabling the add mode of 
operation. 

A signal to the ALU carry input indicating zero carry input to 
this add function. 

A signal to the accumulator placing it in the parallel load 
mode of operation. 

A clock pulse signal to the accumulator that enters the sum 
from the ALU. 

A signal to the program memory to advance to the next instruc- 
t ion. 

ADDC - The ADDC instruction is executed in the same manner as the ADD 
instruction. It is used to transfer a carry bit if one is generated in 
double-precision addition. Double-precision numbers (24 bits) are 
generated as a result of multiplications. To increase computational 
accuracy, it is sometimes necessary to add or subtract double-preci ,ion 
numbers. Addition of double-precision numbers is a two-step operation 
because the ALU can only accommodate 12-bit numbers at one time. The 12 
least significant bits are added first. If a carry is generated from 
this addition at the carry output of ALU, it will be stored in a flip- 
flop in the control unit and will be added at the CN input of the ALU 
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during the next instruction when the most significant bits are added. 

The only change in the control unit's functions, as shown in the ADD 
instruction, is that ALU carry input may be high or low depending on the 
last carry out of the ALU. 

SUB - The purpose of this instruction is to subtract a number stored in 
the scratch pad memory from a number in the accumulator. This instruc- 
tion is accomplished in the same manner as the ADD instruction except 
that the ALU is placed in the subtract mode, F = A-B-l, and the CN input 
of the ALU set to add a "one" to the result. 

SUBC - This instruction is analogous to the ADDC instruction except that 
an overflow at the ALU carry output at the end of a subtraction now 
represents a "borrow" instead of a "carry". 

MUYM - The purpose of this instruction is to multiply an unsigned number 
stored in the scratch pad memory by an unsigned number stored in the MQ 
register. At the end of this operation, a 24-bit product will be con- 
tained in the accumulator and MQ register combination. 

The method of multiplying is as follows: The multiplicand, which 

is contained in scratch pad memory, is addressed by the data bits of the 
MPYM instruction and is present at the "B" inputs to ALU. At the start 
of multiplication, zero's are stored in the accumulator. Binary multi- 
plication is accomplished through cumulative addition with a running 
total contained in the accumulator MQ register. 

If the number stored in the least significant bit location in the 
MQ register is one, the number stored in both the accumulator and the MQ 
register are shifted one bit to the right. A zero will be shifted into 
the most significant location cf the accumulator except if the sum of 
the accumulated total in the accumulator and the number stored in 
the scratch pad memory is greater than one. In this case, a one is 
generated at the ALU carry and is stored in the overflow flip-flop in 
the control unit. If the overflow flip-flop indicates a one, a one will 
serially input to the most significant bit of the accumulator during the 
shift-right operation. 
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If the number at the least significant bit of the MQ register is zero, 




then tiie addition does not take place and the numbers in the accumulator 
and MQ register* are r ight-shif ted only. After 12 add-shift operations, 
the product, a 2A-bit number, will be contained in the combination 
accumlator MQ register with the 12 most significant bits in the accumla- 
tor . 


In order to perform the add-shift operation, the accumulator is 
placed first in the parallel mode of operation to add and then the 
serial mode of operation to right shift. 

The control unit generates the following signals to control the opera- 
tion: 


An accumulator mode control signal to add or shift. This 
signal is 12 iiS long and is 180° out of phase with IMC timing 
signal. 

A signal to establish the shift-right transmission path be- 
tween the accumulator and the MQ register. 

A 12-pulse shift-right signal to the accumulator. 

An add signal to the accumulator each time the least signifi- 
cant bit in the MQ register is one. This signal is synchro- 
nized with the timing signal delayed by 0.5 seconds from the 
right-shift operation. 

A zero to the CN input of ALU. 

Five control signal inputs to the ALU to set up the ADD ; F B 
A+B mode of operation. 

A signal to the scratch pad memory to enable the read mode of 
operation. 

A signal to the overflow flip-flop uait to zero output prior 
to each ADD in the ALU. 

A clock signal that sets a one in the overflow flip-flop if 
the ALU generates a carryout signal during the lost add. 

A signal to the serial input of the accumulator when the over- 
flow flip-flop output is one. 

MPY - The purpose of this instruction is to multiply signed numbers. 

The manner in which this is accomplished is exactly the same as the MPYM 
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instruction except for the following: For negative multiplicands (the 

number stored in the scratch pad memory), a one will be serially input 
to the accumulator whenever the most significant bit of the partial pro- 
duct in the accumulator and the most significant bit of the scratch pad 
memory are one, 

DIV - The purpose of this instruction is to divide to a number in the 
accumulator by a number stored in the stratch pad memory. The DIV 
instruction is an accumulative subtraction shift-left operation that is 
performed in a manner similar to that of the multiplication instruction, 
the result again being a double-precision number stored in the accumul- 
ator and MQ register. 

BRMA XXXX - The purpose of this instruction is to perform branching 
capability in the program when a BRMA (Branch on Minus Absolute) instruc- 
tion is received. If the result of the last subtraction was negative, 
the program memory counter will be jumped to the address indicated by 
the data bits associated with BRM instruction denoted by XXXX. If the 
result of the last subtraction was positive, the program counter is 
simply incremented by one to the next instruction. The branching capa- 
bility utilizes a timing signal delayed by 502 of the duty cycle of the 
normal clocking. When a BRM signal is received an "advance the counter'* 
signal is generated by the control in time with the delayed signal if 
the result of the last subtraction was positive. Last subtraction 
resultant polarity was determined by a flip-flop in the control unit 
which monitors the carry out of the Arithmetic Logic Unit being set at 
the last subtraction instruction. If, however, the result of the last 
subtraction was negative the control unit generates the following signals 
to implement the branching in time with the normal clock. 

A control mode signal to place the program memory counter in 
the parallel load mode, and an enable signal that loads the 
data bit information to jump the memory address to that 
required. 

BRMR XXXX - An instruction included for programming convenience (BRMR - 
Branch on Minus Relative) which is executed as BRMA. 
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. IMP XXXX - The purpose of the jump Instruction Is to provide uncond i t lonal 

branching in the program address. It is executed identical to the BRM 

instruction where t he result of the last subtraction was negative. 

5.2.4 I nput - Ou t put Section 

The Input-output section of the digital control contains the signal con- 
dition circuits for inputs and distribution circuits for outputs and provides 
an interface with the central processor in an acceptable digital format. All 
data transfers to and from the central processor take place und^^ the command 
of signals received from the control unit of the central processor. 

Referring to Figure 51, t lie signal flow in the digital control is as 
follows: The instrumentation and sensor input signals are fed to an analog 

multiplexer circuit that is controlled by the central processor control unit. 
The input count r provides an address to the input decoder from which a 
single input signal is selected. The inputs are selected in a fixed order by 
increasing the count by one at the end of an analog to digital conversion. 

At the end of each control iteration cycle the counter is reset to zero. 

The sample-and-hold output is connected to the analog-to-digital (AD) 
converter. The AD converter changes the analog signal to 12-bit digital word 
representing the analog signal. The 12-bit digital word is fed to the digital 
computer circuit via a serial digital multiplexer No. 1. Other signals into 
che digital multiplexer provide communication between the digital control and 
remote units located in the control rcom. The 12-bit word from the AD conver- 
ter is operated according to the program instructions stored in the digital 
computer program memory. 

Upon completion of this port ion of the program, the central processor 
feeds the result of the computation to a digital-to-analog (DA) converter 
circuit and a data multiplexer circuit. The data multiplexer provides an- 
other communication link between the digital control and the control room. 

The DA converter signal goes to the analog output circuits which consist of 
flip-flops, sample and hold circuits, torque motor amplifiers, and driver 
c ircu its . 
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5.2.5 Other Circuits 


Other circuits in the digital control include a power supply that pro- 
vides the necessary regulated voltages for the control and circuits which 
provide transducer excitation. There is also an emergency shutdown circuit 
“hat cuts back fuel flow if the low-pressure turbine (LPT) acceleration rate 
is excessive or the LPT speed exceeds a given limit. 

Figure 53 is an example of an analog signal conditioning circuit showing 
a pressure amplifier circuit, a typical analog circuit used in the digital 
control. The input to the amplifier is the output from a strain gauge bridge 
transducer. The excitation for the transducer is provided by the ±15 volt 
power supply in the digital control. IC1 is used as a differential amplifier 
to provide some preamplification of the pressure signal. Resistors R13 
through R19 comprise a temperature compensation network used to compensate 
offset and offset-drift over the temperature range. The output of IC1 goes 
to R7, the input resistor of IC2. IC2 is the second stage of the amplifier 
and sets the desired overall gain of the amplifier by selecting resistor R9, 
RIO, and Rll. 

Another digital network which deserves mention here because it is part 
of a new development being applied to the QCSEE is the driver amplifier used 
to operate the fail-fixed servovalve described in Section 6.3. This is a 
unique application of digital technology in that it drives a hydraulic output 
power device without the need for digital-to-analog conversion. 

As shown in Figure 54, a 12-bit word is generated and held by the proces- 
sor as a function of the flow demand. The least significant bit (LSB) is 
ignored to generate a 11-bit signal M B". Simultaneously, the 2.048-MHz clock 
signal and three 4-bit series counters generate a continuously changing 12- 
bit word. The most significant bit (MSB) is excluded to create 11-bit word 
M A" that periodically counts from 0 to 2047. Signals A and B are compared by 

the three series 4-bit comparators to generate an output signal when B > A. 

12 

The MSB (2 ) from the clock counter, through an inverter, and the next most 

significant bit (2 ) are fe<l to an AND gate to generate the 25% on signal; 

that is, a signal that repetitively is on 25% of the time of each count cycle 
from 0 to 4097. 
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The MSB (2^") signal from the counter circuit and the B > A signal from 
the comparator circuit are coupled through an AND gate to generate signal 
"D". As shown in Figure 54, the width of signal M D M is a function of "B", 
varying from 0/ to 50% on time. The 25% signal and the "P" signal are logi- 
cally summed through an OR gate to generate an output signal that is the 
replica of an analog signal of the flow demand. This signal is then treated 
by a conventional torque motor current amplifier stage to drive the servo- 
valve with a -80 mA to +80 mA, 500 Hz signal, whose on-time varies from 25% 
to 75% as a function of the digital flow word. 

Circuit Components 

Circuit components used in the digital control were selected on the 
basis of their ability to maintain the desired circuit accuracy under the 
stringent environmental conditions imposed upon them. Other considerations 
were cost, weight, power consumption, and availability. In order to achieve 
a stute-of-the-art design, new components were investigated and used where 
possible. The major components are described below: 

Low-Power Schottky TTL - Digital components used are primarily low-power 
Schott kv TTL devices. These devices presently offer the best speed-power pro- 
duct of any high-speed family. Table XTTI shows a comparison of the TTL circuits. 
The low-power Schottky family (54LS/74LS) features both Schottky-barrier-diode 
inputs and emitter inputs. Full Schottky-barrier-diode clamping is utilized to 
achieve speeds comparable to series 54/74 TTL at one-fifth the power. The 
Schottkv- barrier-diode is connected in parallel with the base collector junc- 
tion of the normal TTL transistor. Schot tky-barrier-diodes have a lower forward 
voltage than the base collector junction and it clamps the transistor as base 
drive increases. Most of the excess base current is diverted and this prevents 
the transistor from teaching classic saturation. This effectively eliminates 
charge storage and subsequent recovery times. 

Digita l Memory Devices - Two other new integrated circuit devices are 
used in the computer section of the digital control. These are the 5340 pro- 
grammable read-only memory (PROM) and the L5531D read/write random access 
memory (RAM). A description of each follows: 








! 










115 





CATES 


Series 

54LS/74LS 

54L/74L 

54S/74S 

54/74 

54H/74H 


Propagat ion 
Delay Time 

9. 5 ns 

33.0 ns 

3.0 ns 

10.0 ns 

6.0 ns 


Power 

Dissipat ion 
2 mW 
1 mW 
19 mW 
10 mW 
22 mW 


Speed-Power 

Product 

19 pJ 

33 pJ 

57 pJ 

100 pJ 

132 pJ 









• The 3340 PROM is a 40%-bLt memory arranged as 512 eight-bit words. 
The PROM contains logic circuits, decoders, buffers, and data 
storage circuits. The device is manufactured with all outputs high 
in all storage locations. Device programming is accomplished by 
making an output low for a particular word. To do this a Nichrome 
fusible link is changed from a low resistance to a high resistance. 
The outputs are programmed one at a time by applying the appropriate 
TTL levels to the enable and applying a voltage pulse to the output 
that is to be programmed. The voltage source must supply sufficient 
current to complete programming of the output. Since pulse tech- 
niques are used to program the PROM and it involves the use of the 
enable inputs and the output pins, the timing is critical and the 
pulses must occur as described by the device specification sheet. 
Programming equipment is available to simplify the procedure. 

Several PROMS can be connected to a common output bus and since the 
outputs are the open collector-type, pullup resistors must be used. 
The value of the resistor is determined in part by the number of 
PROMS used and the number of TTL loads the memory must drive. 

Sixteen PROMS are used in the digital control and are connected to 
form a 4096-bv- 16-bit word memory. The digital control program is 
stored in this memory and contains the instructions for the coraputa- 
t ions and data manipulations of the digital control. 

• The L5531P RAM is a 256-bit memory device arranged in a 256-by-l 
array. That is, there are 256 memory locations, each containing 
one bit of information. The RAM circuit chip contains logic cir- 
cuits, decoders, buffers, and a memory array. The L5531D is a 
three-state device and is so called because the output has the high 
and low TTL states and third high impedance state. This third high 
impedance state allows the outputs of several L5531D's to be con- 
nected to a common bus. The memory is addressed using an 8-bit 
address word to select one of the 256-bit locations. With the 
write enable low, the data on the input pin of the RAM are written 
in the selected memory location. If the write enable is high and 
the RAM is enabled, the stored data are read out on the data-out 
pin. The data read-out is the complement of the data written into 
the memory location during the write cycle. The data will be 
retained in the selected memory location until new data are written 
in or the power is removed fr^m the RAM. There are twelve L5531D's 
used in the digital control to form a 256-word memory with each 
word 12-bits long. These RAM's form the scratch pad memory of the 
computer and are used for temporary storage during computations and 
data manipulations. 

Ot her New Component s - Another device that is used is the Hewlett- 
Packard 5082-4365 optically-coupled isolator. These are used as interface 
components between the digital control and other circuitry where electrical 
isolation is desirable. The 4365 consists of a pair of inverting optically- 
isolated gates each with a light-emitting diode and high-gain integrated 
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photon detector. The output of the detector is an open collector Schottky 
clamped transistor. The input and output are TTL compatible. 

Other new components used in the digital control consists of sample and 
hold circuits, voltage follower, and power op-amps all of which are standard 
op-amp-type circuits. They were selected because of improved characteristics 
(temperature drift, speed, etc.) over previously used components of the same 
type. 
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3.3 ELM TKU'Al. CikiTlT CONSTRUCTION 


General Pescr ipt ion 

In the QCSEE digital control, the signal processing and control are 
accomplished with a collection of interconnected electrical assemblies called 
modules. A module is a functional assembly of electronic components specifi- 
cally designed to perform a precise sequence of desirable operations on one 
or more specified electrical inputs. 

In general, modules constructed to meet on-engine environmental requiie- 
ments consist of electrical components whose leads are soldered into printed 
circuit board (PCB) assemblies. The PCB provides the necessary electrical 
connections between components. These PCB assemblies are installed into an 
anodized aluminum module can with 0. 081-cm-(0. 032-in. ) thick walls and en- 
capsulated with filled, resilient potting compounds. The primary advantages 
of the potting compounds are (1) provide vibration damping and moisture 
protection, (2) improve steady-state and transient module thermal charac- 
teristics, and (3) protect the circuitry from contaminants. 

QCSEE digital control module design consists of the following three 
basic module types: 

(1) Analog modules 

(2) Digital modules 

(3) Combination analog/digital modules 

Each of the above designs is directed toward tha packaging of a specific 
type or set of components. The analog module handles standard electrical 
components such as operational amplifiers, transistors, diodes, transformers, 
resistors, capacitors, and so on. The digital module is specifically de- 
signed to handle digital components in dual-inline package form. The analog/ 
digital module is a necessary design compromise used where a separation of 
the analog and digital circuitry is not functionally possible due to elec- 
trical requirements. 

All of the module design approaches described below heve been utilized 
on one or more successful engine programs. They are considered more than 
adequate to meet the QCSEE digital control design requirements. 


At 1 a log Module Design 


An analog module consists of electrical analog components mounted to 
printed circuit boards (PCB's). A typical analog module requires two PCB's. 

All QCSEE analog PCB's utilize a 2 oz., double-sided copper, 0.079-cm (0. 031- 
in)— thick polyimide boards bonded to an anodized heat sink made from aluminum 
sheet. The anodized aluminum heat sink is located between the bodies of the 
electrical components and the PCB component side surface and provides, via a 
nonanodized aluminum mounting flange, a low thermal resistance path to the 
module mounting surface (see Figure 55). The incorporation of the relatively 
low thermal resistance path permits the use of a lower density (lower thermal 
conductivity) potting compound which results in an overall weight reduction. 

The microsphere-filled RTV potting being used has a specific gravity of 0.7 
compared to a specific gravity of 1.5 for the alumina-filled RTV potting 
compound normally used to thermally compensate module configurations not 
utilizing an anodized aluminum heat sink. Generally, these two module config- 
urations are thermally equivalent and tor most typical analog modules yield 
component-to-mount ing-surf ace hot-spot temperature differences less than 25° F. 
Components having hot-spot temperature differences greater than this are pro- 
vided with additional heat sinking capability to achieve the 25° F differential 
goal . 


Digital Module Design 

A digital module consists of digital electronic components mounted to 
automatically wire-wrappable digital boards. A typical digital module re- 
quires two wire-wrap boards. All QCSF.E digital boards utilize 4-oz . copper 
for power and ground planes and are made from double-sided 0.127-cm (0.050- 
in. )-thick glass-epoxy PCB stock. The electrical connections required by the 
circuit being packaged are made witli socket pins for digital component leads and 
Kapton insulated wire routed from pin to pin (see Figure 56). To reduce elec- 
trical noise and improve circuit reliability during operation, all electrical 
interfaces are soldered prior to final test and encapsulation. A typical 
digital module may have as many as 8 to 10 times more internal board-to- 
board common connections than a typical analog module. A special flexible 
interconnection circuit (see Figure 56) is designed to handle the relatively 
large number of common connections inherent in a digital module. The flexible 
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Figure 55. Typical Analog Module. 
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Item Description 

1 Module Assembly 

2 Digital Bd. ECK77 

3 Digital Bd. EC878 

4 Digital Bd. EC879 
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7 Satellite Bd. 

8 Satellite Bd . 

9 Satellite Bd. Mounting Screw 

10 Satellite Bd. Mounting Nut 

1 1 Mount ing Bracket 

12 Mounting Bracket 

13 Mounting Bracket 

14 Mounting Bracket Screw 

15 Satellite Bd. Spacer 

16 Module Can 

17 Flexible Connector 

18 Flexible Connector 

19 Potting Compound 

20 Hookup Wire 
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Figure 56. Typical Digital Module. 
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connector carries common signals and is routed around either end of the 
digital board. All flexible connector electrical interfaces are soldered in 
place prior to final test and encapsulation. Digital board assemblies are 
bracket-mounted to the base of the module can and the final module assembly 
is encapsulated in an alumina-filled potting compound. This compound is used 
in all digital and analog/digital modules to thermally compensate for the 
lack of an integral heat sink similar to the anodized aluminum heat sink 
utilized for analog PCB's. As in the case of analog modules, component-to- 
mount ing-sur face hot-spot temperature differences are held to less than 25° F 
with additional heat sinking capability added if necessary to achieve this 


goal. 


Analog/Digi tal Module Design 


An analog/digital module consists of one analog board coupled with one 
digital board. As in the digital module case the large number of board-to- 
board connections are made via a specially designed analog/digital board flexible 
connector and, as before, are soldered in place prior to final test and 
encapsulation. The final module assembly is encapsulated in an alumina- 
filled potting compound and subjected to the same component-to-mounting- 
surface hot-spot temperature evaluation as described for both the analog and 
digital modules. 

5.4 DIGITAL CONTROL PRODUCT DESIGN 

This section describes the manner in which the digital control circuit 
modules and other internal elements are mounted and enclosed to provide a 
unit suitable for engine-mounting and provide a means for connection of 
external inputs and outputs. 

Installation 

Figure 57 is a sketch showing the digital control and the manner in 
which it is mounted on the engine. 

The control is basically a rectangular box with a raised section which 
incorporates the provisions for external electrical and pressure sensing 






connections. The approximate dimensions are 33.0 x 38.1 x 12.7 cm (13 x 15 x 
5 in.) - length, height, thickness as installed - with 5.08 cm (2.0 in.) 
additional thickness at the raised section (it should be noted that for this 
experimental control, excess space has been included for possible future 
experimental use). 

Flanges are provided on the front and back surface of the control for 
mounting to two triangular brackets which in turn mount to pads on the engine 
fan frame. Four pads are provided, two for each triangular bracket. 

A handle on top of the control is provided for carrying, installing, and 
removing the control. Resting tabs on Che mounting surfaces help steady and 
support the weight of the control during installation or removal of mounting 

screws . 


Vib ration Considerati 'n s 

Early in the control packaging design process a vibration study was 
performed assuming a 10-g vibratory input at the unit’s calculated center of 
gravity, well above that expected on the engine (see Figure 58). The analy- 
sis identified weakness at several points in the initial design and changes 
wore made to correct these weaknesses. The resulting design is anticipated 
tc be satisfactory from a vibration standpoint. 

To prove the vibratory capability of the unit, a chassis vibration test 
was performed over the spectrum shown on Figure 58 which is based on dynamic 
analyses performed on the complete engine. 

Internal Const ruction 

Definition of the internal construction details of the digital control 
primarily involved the definition of how best to arrange and mount the 
eiectr cal circuit modules. The primary factors considered were: (1) module 
dimensions, (2) heat dissipation, (3) module interconnections , and (4) 
module coni.ections to control inputs and outputs. 
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Hie arrangement finally arrived ac is shown on Figure* 59 which is a view 
looking toward the side opposite the connector side with a cover removed. 

As noted previously, ample excess space has been provided for the addition of 
possible future experimental circuits. 

The modules are bolted to aluminum plates which are part of the chassis 
and which serve to carry away heat as explained in more detail later. U- 
shaped channels between the rows of modules at their upper end furnish fur- 
ther support and also serve as channels for interconnecting wiring. Wires 
between modules are attached to pins at each module, routed through the 
appropriate channels, and tacked down with a clear silicon adhesive which 
provides waterproofing and reduces the chances of handling and/or vibration 
damage. Wires to external connections are passed through slots in the two 
channels and routed to the external connectors, input pressure transducers, 
or electrical input filters where they are connected. These wire bundles are 
coated with clear RTV. 

Cooling 

Approximately 100 watts of heat are generated by operation of the 
modules in the digital control. This heat is dissipated by conduction and 
convection utilizing air from outside the engine nacelle. 

As noted earlier in the module design section, the heat generated by 
elements within each module flows through the thermally-conductive potting 
compound and anodized aluminum heat sink in the module to the mounting sur- 
face (see Figure 56). The heat is conducted through the bolted module 
mounting surface into the aluminum mounting plate and aided by a thermal 
grease applied at the interface. The heat is then conducted through the 
mounting plates and carried away by air passing over the plates on the side 
opposite the modules. 

The air-cooling flowpath is shown in Figure 60. Air enters at the top 
(as mounted on the engine) and divides into 3 parallel ducts under the top 
rows of modules. The air from these ducts is collected, passed back across 
the lower portion of the module mounting surface, and discharged near the 


! 


1 




157 



















bottom of the control. Use is made of machined fins in parts of the cooling 
flowpath to get maximum heat transfer. 

The air-cooling system is designed for an installed engine with an 
airscoop outside the nacelle serving as an inlet and a hole in the engine 
inlet duct flush with the duct wall serving as an exit. The pressure differ- 
ential resulting from the lowered static pressure which will exist in the 
inlet duct during all forward operation will produce a flow sufficient to 
meet the design objective of having no elements in the control more than 
43° F hotter than the cooling air supplied. 

If any unusual installation conditions are encountered during the ex- 
perimental engine test program which would eliminate the normal cooling air 
differential pressure, a pressurized air source will be used to cool the 
control . 


i 
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5.3 SOFTWARE DESIGN 


The computational section of the digital described in the previous 
paragraphs is a special purpose, stored program, single-address computer. 
Through appropriate electrical circuitry the central processor receives 
and processes input information to form the required outputs according to 
the instructions defined in the program memory. The computer has the capa- 
bility to add, subtract, multiply, divide, and branch upon command. It 
is a fractional machine except for division which is done in integer form. 

Tiie machine data word is twelve bits in length and may be treated as an 
unsigned binary or a signed two's complement number. 

The term "software" applies to the set of statements which are contained 
in the program memory. The statements are made up using the set of instruc- 
tions described in Section 5.1 and listed a^ain in Appendix D, which also 
shows the execution time for each instruction. 

The complete software program is listed in Appendix D with notes in- 
dicating key elements. The program basically follows the block diagrams of 
Figures 9 through 14 with statements generally grouped to correspond to 
the separate block diagrams and auxiliary functions. The major groups of 
statements are as follows: 

0 - 72 Self-check and initialize for start of computations. 

73 - 147 Decode and store input commands for future use. 

148 - 1179 Variable-pitch block diagram 
1180 - 2219 Fuel flow block diagram 
2220 - 2308 Failure indication and corrective action 
2309 - 2745 Exhaust nozzle (A18) block diagram 

Interwoven within these groups are operations related to engine sensor 
inputs and inputs from the off-engine equipment. Processing of information 
from the engine sensors is noted by the instruction INP $ which transfers 
data in the AD register to the accumulator and STO XXX which stores the in- 
formation in the accumulator in a selected location in the scratch pad 
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memory. This action is followed by the instruction OUT 14 which initiates 
the next AD conversion. The rate at which these engine data are read and 
stored is controiled by the speed of the AD converter. A software program 
spacing of approximately 25 to 30 microseconds is allowed for the conversion 
between reading and storing input data. Processing of information from the 
off-engine equipment is noted by the instruction INP 1 which transfers data 
from the command link register to the accumulator and STO XXX which transfers 
the data to the scratch pad memory for future use. This information is read 
into the scratch pad memory before it is required for use in the basic soft- 
ware program. 

Transmittal of engine and control system operating point or condition 
information from the control to the off-engine equipment is also interwoven 
into the basic control software program. This processing is noted by the 
instruction LDA XXX which loads the accumulator with the data in scratch 
pad memory location XXX and OUT 13 which transmits the data in the accumu- 
lator to the off-engine equipment. Supplementary notes shown in Appendix D 
show where input-output data are woven into the software program. 

Execution time for the complete 3071 statement QCSEE UTW program as 
shown in Appendix D is 7460 microseconds. 

The following two examples of small program segments are described in 
more detail to aid in understanding program procedures. (Note: Circled 

numbers in the examples balow refer to scratch pad memory addresses.) 

Example 1 - This shows steps leading up to calculation of main fuel 
channel output from input stored in 7 and the desired gain, K^,of 
2.1094 bits/bit. Because numbers cannot range beyond -2048 or +2047, 
the input signal must be limited to 2047/Kyjj or 970, a value which is 
stored in 11. The steps in this computation are outlined below 
and charted on Figures 61 and 62. 
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Figure 61. Flow Chart of Positive Circuit Check in 
Fuel Flow Channel. 


163 














vcri 



Check in Fuel Flow Channel 










Line 

Noj_ 

Mnemonic 

Comment 

Minimum 

Value 

Maximum 

Value 


(First, limit 

to +970 - see Figure 61 for chart) 




Input signal stored inQ^ maximum and minimum 
values from previous program operations. 

-1853 

+2047 

2190 

LDA © 

Load input signal in accumulator 



2191 

SUB© 

Test subtraction ((0y contains 0 ) 



2192 

BRMR+5 

Branch ahead 5 statements if is 

negative 



2193 

SUB © 

Subtract 970 limit 

- 970 

+1077 

2194 

BRMR+4 

Branch ahead 4 statements if 
result is < limit. 



2195 

LDA © 

Lead accumulator with 970 limit 



2 .96 

JMPR4 

Jump ahead 4 statements 



2197 

JMPR-3 

Jump back 3 statements 



2198 

LDA © 

Load accumulator from memory 



2199 

OUT© 

No operation - kills time so path 
lengths remain equal 



2200 

STO © 

Store result in ^7^ 

-1853 

+ 970 


(Next, limit 

to -970 - see Fig. 62 for chart) 



2203 

LAI 3126 

Enter (-970) in accumulator 



2204 

STO © 

Store (-970) in @ 



2205 

LDA © 

Load input signal in accumulator 

-1853 

+ 970 

2206 

SUB © 

Subtract zero 

-1853 

+ 970 

2207 

BRMR+2 

Branch ahead 2 statements if result 
is negative 



2208 

JMPR+2 

Jump ahead 2 statements 



2209 

SUB © 

Subtract (-970) 

- 883 

+ 969 

2210 

LDA © 

Load input signal in accumulator 

-1853 

+ 970 

2211 

BRMR+2 

Branch ahead 2 statements if last 
subtraction (2209) was negative 



2212 

JMPR+2 

Jump ahead 2 instructions 



2213 

LDA © 

Load (-970) in accumulator 



2214 

STO © 

Store result in 

- 970 

+ 970 


Now the gain 

multiplication will be accomplished. 




(The input signal or applicable limit is still 
stored in ^7^. ) 
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Line 

No. 

Mnemonic 

Comment 

Minimum 

Value 

Maximum 

Value 

2215 

LMl 449 

Load Kyj (449) in MQ register 



2216 

MPY (7) 

Multiply (?) by 449/4096 

- 106 

+ 106 

2217 

ADD (9) 

Add to accumulator 

-1076 

+1076 

2218 

ADD 

Add to accumulator 

-2046 

+2046 


Example 2 - This shows the logic routine which causes the forward mode 
reverse interlock signal described in Section 3.3.1 and shown as DBIF 
on Figure 9 to be operative in some control modes and not in others. 
Prior to this point in the program, the following scratch pad memory 
entries have been made: Zero in (¥) » 1 in Mj, the DBIF signal (0 or 1) 

in (9)* the local/remote switch position in^GO) (remote * 1, 
local * 0), the M Full Manual" pushbutton status in (2D (manual* 1, 
not manual * 0), and the "Auto Reverse" pushbutton status in (23) 
(reverse * 1, no reverse * 0). Steps in the routine are outlined below 
and charted on Figure 63. 


Line 

No. 

Mnemonic 

Comment 

Minimum 

Value 

Maximum 

Value 

1507 

LDA (20) 

Load local/remote switch pos. into 
accumulator 

0 

1 

1508 

SUB (2l) 

Subtract "Full Manual" pushbutton 
status 

-1 

1 

1509 

LDA (0) 

Puts zero in accumulator 



1510 

BRMR+5 

Skips to 15 i 5 if result of 1308 
was negative 



1511 

SUB (23) 

Subtracts "Auto Reverse" push- 
button status 

-1 

1 

1512 

BRMR+5 

Skips to 1317 if result of 1511 
was negative 



1513 

LDA (?) 

Puts DBIF in accumulator 

0 

1 

1514 

JMPR+5 

Jumps to 1519 



1515 

OUT 0 

No operation (path equalization) 



1516 

OUT 0 

No operation (path equalization) 



1517 

OUT 0 

No operation (path equalization) 



1518 

LDA ( 7 ) 

Puts 1 in the accumulator 



1519 

STO (?, 

Store accumulator number in 

0 

1 


NOTE: "FullManual" and "Auto Reverse" cannot exist simultaneously, 

so (2l) and (23) cannot both be 1. 
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5*6 VARIATIONS FOR FLIGHT DESIGN 


For a flight design, the digital control would change significantly. 

One obvious change would be the elimination of the many e^tra functional 
features included in the experimental control providing testing flexibility 
and ajustabili ty . 

Also, development programs are currently being conducted to define 
advanced designs which take advantage of medium- and large-scale inte- 
grated chips (MSI and LSI) and advanced hybrid packaging techniques 
uniquely suited for on-engine environment. 

Work is currently being done on an advanced packaging development 
program aimed at reducing the amount of internal wiring by using MSI and 
LSI chips and mounting them on alumina multilayer interconnection boards. 

The program also includes development of improved methods of transferring 
heat from electrical elements. This program is rimed primarily at improved 
reliability but will also offer weight and volume payoffs. 

All things considered, it is estimated that the weight and volume of 
a flight-design digital control would be reduced approximately 40% from the 
current experimental design. 

5 . 7 OFF-ENGINE DIGITAL CONTROL ELEMENTS 
Description 

The QCSEE digital control subsystem includes three off-engine com- 
ponents which furnish command and adjustment inputs to the engine-mounted 
digital control and display data transmitted from that unit. These three 
components, which will be located in the engine test control room, are 
designated the Interconnect Unit, the Operator Control Panel, and the 
Engineering Control Panel. Basic functions of the units are fitlined below. 

I nterconnect Uni t - This unit serves as a signal processing, coordina- 
ting, and switching device between the outer two off-engine digital control 
units, a remote digital computer supplied by NASA, transient data recorders, 
and the engine-mounted digital control. 
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Operator Control Pan el - This unit is i aded for use bv the engine 
operating crew. The panel is arranged as she a on Figure 64 and includes 
the following features: 

• Nine digital indicators which continuously display the variables 
shown . 

• Six lighted uegment pushbuttons for selecting the digital 
control operating mode. 

• Lights which indicate whether an automatic or manual control 
mode is in effect. 

• A light which indicates when digital control commands are 
originating from the remote NASA computer. 

• Lights which indi we whether all manipuJ ted variables are 
being controlled normally or if one of luwre is on a limit. 

When operation on a limit is indicated, the limit can be 
identified by means of a selectable digital readout on the 
Engineering Control Panel. 

• A light which indicates when any of the faults of Table X have 
occurred. Thw fault or faults can be identified by means 

of a selecta’ le digital readout on the Engineering Control Panel. 

• A two-element pusnbutton switch for switching to a recovery 
position which quickly introduces a predetermined set of 
control commands in case of emergency - or when desired for 
rapid transients during manual operation. 

• A two-element pushbutton switch for operation of the VSV reset. 

• Three potentiometers which provide independent control of fan 
pitch, fan nc, , and power demand in manual operating modes. 

• Two potentiometers for automatic mode power demand with push- 
buttons to allow instantaneous switching from one to the other, 
thuj allowing power-demand step changes. 

Engineering Control Panel - This unit is intended for use by an 
engineering test monitor. The panel is arranged as shown on Figure 65 and 
includes the following features: 

• A selected digital display for indicating any one of the variables 
1 isted in Table IX. 


169 


rame te i 



Panel 




































• Three mi lliammeters which continuously indicate current to the 
torque motor servovalves controlling the manipulated variables. 

• A iault light equivalent to the one on the Operator Control Panel. 

• Five toggle switches, one for selecting the applicable fan pitch 
actuation configurations (i.e., reverse-thru-9tail or reverse- 
thru-fault pitch), one for selecting the source digital control 
commands (i.e., remote NASA computer or "local" off-engine 
digital control units), one for activation of automatic fault 
correction features, and two spares. 

• Twenty potentiometers for making on-line adjustments to the 
digital control logic. 

F unct ional Design 

A functional block diagram of the off-engine digital control components 
is shown on Figure 6b and a general functional description is given below. 

input signals to the off-engine components are in both analog and 
digital form. All digital signals are transmitted by differential line 
drivers and received by a differential line receiver over twisted wire 
pairs. All analog signals transmitted are buffered by low-output impedance 
amplifiers and received by operational amplifiers in a differential con- 
figuration. 

The analog multiplexer located in the Interconnect Unit consists of two 
lb-channel multiplexer chips capable of handling all the analog inputs from 
the Engineering Control Unit and the Operator Control Unit. Each of the 
inputs are capable of being addressed separately in a prede terr.ined sequence 
at a particular time determined by the digital control. The output of the 
multiplexer circuit goes to a sample-and-hold circuit and awaits AD con- 
version . 

All analog signals coming into the Interconnect Unit are converted to 
a digital word upon command from the digital control just prior to being 
transmitted to the digital control. 

Digital multiplexing at the data bus is accomplished by employing 
tristate logic devices to provide inputs to the bus. The three states are 
high output, low output, and high impedance. Placed in the high-impedance 
state, the devices can be essentially deactivated, while the other two 
states are used to define logic levels in the transmission mode. All but 



Figure 66. Off-Engine Block Diagram. 

























one of the devices whose outputs are connected to the data bus shown in 
Figure bb are placed in the high- impedance state; the remaining device will 
be in the transmission mode. In this manner, a single input to the data 
bus is made available to the digital serializer as a 12-bit parallel data 
word. 

The digital seriaJizer is a twelve-bit shift register which is parallel 
loaded upon command. Subsequently, the data are shifted one bit at a time 
into the transmission system. 

The isolation of signal and signal grounds is accomplished by means 
of optical isolators. These devices convert electrical signals into light 
internally, and then reconvert the light signal back into electrical signals. 
This process breaks all electrical connection from input to output while 
maintaining the signal information. The purpose of the isolators is to 
assure that ground loops, power differences between systems, and signal 
noise are reduced to a minimum. 

The power supply for the off-engine units is derived from a 400-Hz 
source of 300 volt-amps or more. In the Interconnect Unit, plus and minus 
fifteen volts are developed and routed to the Engineering Control Unit and 
the Operator Control Unit. Analog circuits requiring the use of ±13 volts 
in any of the three units use this regulated supply. 

The +5 volts supply is generated separately and used as a logic supply 
in each of the three units. 

There are two isolated +5 volt logic supplies in the Interconnect Unit 
derived specifically to be used in the isolation technique used in this 
system. 

The Operator Control Unit develops -10 V and -12 V for the scaling 
microprocessor. The +3 volts are developed for a logic supply and the 
12-volts a.c. used to light the front panel pushbutton switches and 
ind icators . 

The Engineering Control Unit develops -10 V to reference the poten- 
tiometers. The +3 volts are used as a logic supply while the 10-volts a.c. 
is the deriving source as weJl as the supplier of the one lighted indicator 
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on the t ront panel. The *15 volts are used to derive the -10 volts as well 
as operating analog circuits. 

The packaging oi the off-engine digital control components is designed 
to operate in a control room environment. Both mechanical and electrical 
systems are designed for control room use only. 
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6.0 HYDROMECHANICAL CONTROL 


6.1 PU RPOSE 

The purpose of the hydromechanical control is to provide backup control 
of engine fuel flow, to control core compressor stator vane position, and to 
provide the fuel-handling interface for operation of several engine limits 
utilized in the control system. The basic fuel flow control is provided by 
electrical signals to a torque motor on the hydromechanical control. 

6.2 DESCRIPTION 

The QCSEE hydromechanical control is an F101 main engine control which 
contains appropriate modifications applicable to the unique requirements of 
the QCSEE control system and engine. The control is capable of performing 
the computation (hydromechanical) and fuel metering necessary to control 
engine combustor fuel flow and compressor stator vane positioning. Woodward 
Governor Company is the vendor source for this control. The modified control 
is identified by General Electric Source Control Drawing 4013177-403P01 . 

The modified F101 control will perform the following subsystem func- 
tions: 

• Modulate core engine fuel flow to govern core speed as a backup to 
the digital control. 

• Schedule acceleration and deceleration fuel flow limits. 

• Schedule variable stator vane position. 

• Provide positive fuel flow shutoff and limit core engine overspeed. 

• Limit compressor discharge pressure. 

• Reduce fuel flow in proportion to electrical signal from the digital 
control as the primary fuel control method. 

• Provide power lever position intelligence to the digital control. 

• Provide minimum fuel system pressurization. 

• Provide fuel flow shutoff to limit fan overspeed in response to 
electrical control signals from the digital control. 
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Provide core stator vane reset in response to electrical control 
signals from the digital control. 
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• Provide electrical metering valve position intelligence to the 
digital control. 

Hydromechanical Control Inputs and Outputs 

The inputs to and outputs from the hydromechanical control are listed 
below: 

Inputs 

• Pump discharge fuel flow 

• Power lever angle 

• Core engine drive speed 

• Compressor discharge pressure 

• Core inlet air temperature 

• Core stator actuator position 

• Electric fuel flew control signal 

• Electrical fan overspeed signal 

• Electrical stator reset signal 

6.3 OPERATION 

The hydromechanical control mechanization arrangement which indicates 
implementation of the various control functions is depicted on Figure 67 for 
the modified F101 fuel control. The following functional description refer- 
ences Figure 67. 

Backup engine speed control is accomplished with the same basic governing 
components that have been used in previous Woodward Governor Company units; a 
flyweight system that provides isochronous speed governing (Zone C-14). In 
normal operation, this system is overridden by use of a two-stage torque 


Outputs 

• Metered engine fuel 
flow 

• Bypass fuel flow 

• Stator vane actuator 
control pressures 

• Power lever electrical 
position signal 

• Metering valve electri- 
cal position signal 
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Hydromeclianical Control Schematic 



motor servovalve to reduce engine speed in response to the electrical signal 
from the digital control (Zone B-15). Engine speed can only be reduced by 
action of the electrical torque motor override system, thereby requiring the 
throttle to be set at 100% to enable the system. This is important because, 
should any malfunction occur in the electrical subsystem, complete control of 
engine speed is still available with the hydromechanical system. 

It should be noted at this point that the torque motor servovalve can 
be replaced later in the program with a fail-fixed servovalve which, for the 
most probable electrical malfunctions (i.e., zero signal or maximum signal), 
would cause the metering valve to remain fixed. This is described in more 
detail later. 

The acceleration and deceleration limiting systems use a conventional 
WF/P3 3-D cam (Zone E— 12) limiting schedule generated as a function of engine 
speed (Zone B-9), compressor inlet temperature (Zone J-12), and compressor 
discharge pressure (Zones F, H, J-13, and 14). The opposite side of this 
same 3-D cam also contains the reference schedule for the core stator vane 
servo. Stator servo position reference, a function of core speed and inlet 
temperature, is compared to actuator feedback position in a linkage system 
(Zone E-ll), and the error positions the stator servo pilot valve (Zone E-ll) 
to port flow and pressure to the stator actuation pistons. 

The fuel metering system is designed to use simple control elements for 
multiple functions. The main metering valve is a variable area shoe and 
rotor (Zone D-10). A constant pressure drop is maintained across the metering 
valve by a bypass-type proportional-plus-integral regulator (Zones C, D, and 
F-10). The bypass system also provides the pump unloading function during 
shutdown (windmilling) conditions (Zone B-12). For reliability purposes, the 
unloading function is positively locked out during the normal engine opera- 
tion between idle and maximum speed. The fuel shutoff valve (Zone B-12), 
similar to the fuel valve rotor, is integral with and actuated by the power 
lever shaft (Zone A-ll). Movement of the power lever to the "off*' position 

mechanically actuates the pump unloading function which provides a 1.72 X 10^ 

2 

N/m (250 psi) pump discharge pressure during windmilling conditions for 
servosystem regulation purposes. 
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A pressurization valve (Zone B12), used to provide minimum back pressure 
to ensure adequate servosystem pressure during low metered flow conditions, is 
provided as part of the control package. 

The temperature sensor (shown schematically. Zone J-12) provides the con- 
trol with a hydraulic signal that is proportional to temperature. The sensor 
will he located to sense core engine inlet temperature for the QCSEE engine. 

To meet the response speed requirements, a high-conductivity zirconium alloy 
(Zircaloy II) is used for the gas-filled coil. The gas-filled coil senses 
temperature which expands a bellows inside the sensor body. The bellows 
applies a force at one end of the beam balance system which then changes the 
area at the variable metering orifice to produce a signal for control usage 
in acceleration and stator schedule computation. The sensor is designed for 
the following conditions: 


• 

Temperature range 

-53.9° C to 260° C (-65° F to 500 

• 

Response 

2 2 
0.82 sec at 1.72 x 10 kg/sec/m 

(35.2 pps/ft^) airflow 

• 

Accuracy 

♦2.07 x 10^ N/m^ (±3 psi) about a 



linear output schedule 

• 

Sensitivity 

2.02 x 1C -4 °C/N/m 2 (2.5° F/psi) 


Modifications to the control incorporated for QCSEE use will include the 
following: 

• 3 -D Cams - Cam schedule contours have been changed to match QCSEE 
engine requirements (Zone C-15 and E-12). 

• Compressor Discharge Bleed Compensation - The acceleration schedule 
multiplier function of CDP/CBP ratio established by the CDP/CBP 
sensor (zone H-14) has been altered by disabling the CbP function 
through removal of the CBP sensing bellows. 

• Emergency Fuel Shutoff - An electr ical-to-hydromechanical torque 
motor servovalve has been added to the control to accomplish shutoff 
of engine fuel flow in response to an electric fan overspeed signal. 
This function is accomplished by swi telling pump discharge pressure 
into the reference chamber of the system pressurizing valve (Zone 
B-12). A similar action is taken in the e^ent of core engine over- 
speed through the action of the existing overspeed shutoff valve 
(Zone B-10). A low-power torque motor operated switching valve is 
mounted on the pressurizing valve cover to accomplish the fan over- 
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speed protection. The flow gain of the output stag': of the shutdown 
device has been selected to cause closure of the pressurizing piston 
within 20 milliseconds after the electrical overspeed signal is 
sensed. This shutdown action will temporarily place the fuel pump on 
pressure relief during the engine coast down. 

• Stator Reset - The Block I F101 controls contain provisions for an 
electrically operated reset of core stator vane position. The reset 
is initiated by signalling a torque motor servovalve (Zone F-14). 

The stator reset servovalve switches reference pressures to the 

VSV reset piston (Zone F-ll) to reset the stator control valve feed- 
back linkage. 

» Metering Valve Position Signal - The control provides an electrical 
rotary position transducer on the metering valve shaft to signal 
metering valve angle (Zone E-9). For the QCSEE units, a position 
transducer identical to the power lever position transducer (Zone 
H-17) is used for the metering valve transducer. 

• Electr i c^ 1 Fuel Override Authority - The present F101 controls pro- 
vide a core speed floor limitation on the electrical fuel flow over- 
ride through the action of a speed switch valve (Zone C-14) which is 
actuated by the core speed tachometer (Zone B-9). This speed floor 
setting will be disabled for QCSEE by blocking the speed switch 
valve (Zone C-14) to the desired position, thereby providing for full 
fuel control by the digital control. 

• Fall-Fixed Servovalve (later development, not on first control) - 
As seen by Figure 68, the fail-fixed servovalve is basically a 
standard two-stage electrohydraulic servovalve. It differs only in 
the configuration of the second-stage spool valve and it* attendant 
porting. As with a conventional servovalve, spool position is a 
function of input current. 

The valve is shown in the zero current condition. Both load lands 
of the spool valve have 0.015 cm (0.006 in.) overlaps thus hydrau- 
lically locking the actuator in position. As current is increased, 
the spool valve will stroke through the overlap and begin porting 
high-pressure flow to the metering valve actuator. Valve porting 
is timed so that at 50 7 . rated current the areas of the metering valve 
port are equal to the areas of the supply and return ports, and will 
flow to and from the actuator effectively through two equal 
orifices in series. Flow is a maximum. As current is further in- 
creased, the metering valve land closes off: flow to the metering 

goes to zero, and a new fluid lock on the actuator is established. 

As the input current is reduced to zero, flow is again established 
to the actuator causing motion in the same direction as with increas- 
ing current. The actuator will be driven in small steps in one 
direction if the input is a series of square waves stepping from 
zero to rated current and back to zero. If the polarity the in- 
put current is changed, the actuator will move in the opposite di- 
rection. 
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The preferred mode of operation is to drive the servovalve at a 
constant input frequency (from -80 mA to +80 mA) above the frequency 
to which the valve can fully respond. The valve will average the 
plus and minus "on time". By limiting the minimum and maximum 
on-time to 25% and 75%, the valve will behave as an analog device in 
response to pulse-width modulation. Flow will be proportional from 
zero to maximum for a 25% to 75% pulse-width demand. 

Should the valve receive a d.c. level zero current or a +80 mA cur- 
rent signal, indicative of an electrical failure, flow to or from 
the actuator will be stopped and a fluid lock condition established 
to hold the actuator to its position at the time of failure. 


6.4 INSTALLATI ON 

The hydromechanical control will be mounted on the F101 fuel pump similar 
to Figure 69. The pump is V-band flange-mounted to an F101 gearbox pump drive 
pad. Through-shafting is used to provide core speed input to the control drive 
spline. 

The core stator vane position mechanical feedback interface will be used 
identical to the F101 control installation. All hydraulic and pneumatic 
piping interfaces to the control will be identical to the F101 configuration, 
except that the FCBP pressure port is unused. 

6.5 VARIATION FOR FLIGHT DESIGN 

The initial flight design QCSEE would have a hydromechanical backup to 
the primary digital electronic control, but it would be simplified signifi- 
cantly from the modified F101 fuel control being used on the experimental 
engine. The exact nature of the simplified backup hydromechanical unit will 
be the subject of further study with simplified elements being devised for 
speed governing, transient fuel control, and VSV control. 

For a second-generation QCSEE, it is expected that the digital elec- 
tronic technology would be developed (and proven by operational experience) 
to be better and more reliable than current hydromechanical controls and that 
the hvdromechanical backup would be eliminated altogether. 
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7.0 FUEL DELlVERY SYSTEM 


7.1 PURPO SE 

The purpose of the fuel delivery system is to pump, filter, and meter 
the fuel flow required for core engine combustion at the pressures dictated 
by engine burner conditions and to provide a means of preventing fuel com- 
ponent overboard drain leakage. 

7 . 2 DES CRIPTION 

The QCSEE fuel delivery system is primarily based on F101 engine main 
fuel system components including the hydromechanical control and the tem- 
perature sensor described in Section 6.0. The fuel delivery system includes 
the following elements: 

• Fuel Control (Metering Section) 

• Main Fuel Pump 

• Fuel Filter 

• Drain Eductor and Flow Regulator 

These elements are interconnected as shown in the schematic of Figure 70. 

7.3 OPERATION 

The fuel delivery system accepts fuel flow and pressure provided to the 
system pump intake by the test facility or aircraft fuel feed system and 
provides the pumping pressure rise required to deliver metered flow to the 
engine combustor as described in Section 7.6. Pump discharge flow is fil- 
tered by a 74 pm absolute full-flow barrier filter prior to entering the 
hydromechanical control inlet. The metering section of the hydroraechanical 
control sets the metering valve area in response to various control signals 
and limits as described in Section 6.0. Flow is metered by establishing a 
constant metering pressure drop across the metering valve area through the 
action of a fuel bypassing regulator which returns excess intake flow not 
required for metered demand to the fuel pump interstage pressure. Pump 
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discharge pressure in the system is established by the summation of engine 
burner pressure, injector pressure drop, and the maximum metering control 
pressure drop. A minimum control inlet pressure for servo pressure regu- 
lation is established by a control discharge pressurization valve as de- 
scribed in Section 6.3. The control contains a fuel cutoff valve downstream 
of the metering valve which is directly actuated by mechanical power lever 
input angle. A maximum metering flow area for the metering valve is estab- 
lished by a control mechanical stop which limits maximum metered flow to 
10,330 pph. 

The system also incorporates a jet-pump drain eductor which is powered 
by regulated jet flow extracted from pump discharge and which pumps jet flow 
and drain manifold leakage back to fuel pump inlet. The eductor maintains a 
partial vacuum at all times in the drain manifolds to prevent fuel seal 
leakage to overboard. 

7.4 VARIATION FOR FLIGHT DESIGN 

Variations within the fuel delivery system for a flight design would 
involve these component changes: 

• Resize the fuel pump flow capacity downward to more exactly 
match the engine cycle requirements. The F101 fuel pump is 
oversized for QCSEE needs. 

• Simplify the metering control as described in Section 6.5. 

• Add an engine-mounted , uel-oil heat excharger as described 
in Section 7.8. QCSEE experimental engines use slave heat 
exchangers for lube-oil cooling. 

• Relocate the drain eductor to the core engine compartment 
below the lowest seal drain elevation and consolidate the 
flow regulator and jet pump into a single component package. 

7 . 5 FUEL METERING SECTION 

The metering section of the fuel control is as described in Section 6,0. 


187 


7.6 MAIN FUEL PUMP 


The* purpose of the fuel pump is to raise the pressure of metered system 
flow to a level suitable for metering control and delivery into the engine 
combustor. 

The fuel pump is a standard F101 iuain fuel pump unmodified. It is a 
balanced vane design of fixed displacement and contains an integral centri- 
fugal booster stage to charge the vane intakes. Sizing of the fuel delivery 
system is indicated by u .e fuel pump characteristics listed in Table XIV. 

A cross section view of the pump is shown on Figure 69 (Zone F-7). 

The pump operates to provide the pumping performance ratings shown in 
Table XIV. (Pump installation was described in Section 6.4.) 


7.7 FUEL FILTER 

The purpose of the fuel filter is to filter pump discharge flow to a 
74 um level to protect the fuel control metering and injection system 
against larger foreign particles. 

The main fuel filter is a barrier, through- r low- type of stainless steel 
wire mesh. It is mounted on the main fuel pump and has a clogged filter by- 
pass valve, a service shutoff valve, and an impending bypass indication button. 
Design features are: 


Rated Flow 

50.4 gpm 

Filtration (absolute) 

74pm 

Impending Bypass 
Indication Pressure 

22 psid 

Bypass Valve Cracking 
Pressure 

35 psid 

Element Type 

Disposable 

Fuel enters the filter, 

flows through the element mesh 


from the center of the element. If the element is clogged, the bypass valve 
opens allowing unfiltered fuel to flow to the system. The impending bypass 
indicator button extends at a pressure level equivalent to approximately 80% 
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of filter life. The service shutoff valve seals off both the inlet and the 
discharge fuel flowpaths through the filter to prevent fuel leakage when 
the filter bowl is removed to service the filter element. 



Location of the fuel filter is shown on Figure 70. 

7.8 FUEL-OIL HEAT EXCHANGER 

The fuel-oil heat exchanger provides the teans for transferring heat 
from the engine lube system, fan reduction gearbox, and hydraulic system to 
the fuel. In addition to cooling the oil, die heat exchanger serves to heat 
the fuel under cold operating conditions in order to avoid the possibility 
of fuel system icing. 

An off-engine-mounted slave oil cooler wili be used for the experimental 
engines. The slave cooler uses water for cooling instead of fuel. The 
unit is a stainless shell-and-tube design, qualified and in production ior 
the GE LM2500 engine and used on shipboard applications. The slave cooler 
has a heat transfer capability approximately three (3) times the estimated 
heat load of the QCSEE engine. The unit consists of 332 0.953-cm (0.375-in.) 
dia. tubes (each 0.610 m [2.0 ft.] long) and 9 crossflow oil baffles. The 
cylindrical shell is 25.4-cm (10-in.) dia and 0.610 m (2.0 ft.) long. Drains 
are provided to avoid water freezing during winter operation. 

Water is routed through the tubes and makes four passes. Oil flows over 
the tubes and makes 10 cross-counterflow passes. A waterflow of 100 gpm 
may be used at a pressure drop of 10 psid. 

The slave oil cooler is located and mounted on the test stand super- 
structure above the engine. 

The flight engine will use a fuel-oil heat exchanger located in the 
gearbox and accessories area of the engine. The heat exchanger will consist 
of two (2) cores with fuel flowing in series from one core to the other. 

Fan reduction gearbox oil operating at a lower temperature level than engine 
lube system oil will flow through the first core. Lube system oil will 
flow through the second core. At present, a nonbrazed (mechanical tube joint) 
aluminum shell-and-tube oil cooler is contemplated for a flight engine. Other 
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designs will be considered on the bases of reliability, cost, size, and weight. 
Current weight estimate is 13.61 kg (30 lb.) for the entire unit. 

7.9 DRAIN EDUCTOR 

The purpose of the drain eductor is to pump fuel component seal drain 
leakage back to the fuel pump intake and to prevent dumping leakage over- 
board. 

The drain eductor consists of a production CF6-50 design used to pump 
aircraft drain can fuel back to the fuel pump inlet during engine coast down 
after stopcocking the engine. The CF6-50 part is identified as P/N 9070M89P02. 

A cross section view of the drain eductor is shown in Figure 71. 

The drain eductor is used with an inline jet supply flow regulator which 
maintains a constant jet supply flow. The flow regulator 5s separately 
housed and is a standard Fluid Regulators Corp. design identified as P/N 
Q1547-01. 

Pump discharge fuel pressure extracted from the filter discharge is 
supplied to inline flow regulator Q1547-01. The regulator maintains 550 pph 
constant flow to the drain eductor jet supply under varying pump discharge 
pressure conditions ranging from 250 psig to 1000 psig. Constant motive 
flow and pressure in the jet maintains constant jet-pumping characteristics 
in the eductor. 

The constant motive pressure is applied to the jet supply port shown 
in Figure 71. Fuel drain manifolds are connected to the suction intake 
port; drain manifold flow is pumped through the suction check valve and 
into the suction chamber of the jet pump. Jet flow and suction flow mix in 
the jet diffuser and are returned to fuel pump inlet pressure at pressure 
levels up to 50 psig. A partial vacuum is maintained in the suction 
chambers and the drain manifold. The selector valve piston shown in Figure 
71 is not used but is held to the right at all times by spring force, per- 
mitting continuous passage of the jet supply flow during pump operation. 

Seal leakage air and fuel vapor are continuously returned to fuel pump intake. 
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The flow regulator and drain eductor components are bolted to the fan 
cowl in the gearbox and accessory compartment. Stator actuator drain lines 
thus have a rise in elevation in order to reach the eductor system’s suction 
manifold. 

For a flight design, the eductor would be simplified to eliminate unused 
valving and to incorporate integrally regulated jet flow. The eductor would 

1 

be relocated below the lowest drain point elevation in the core engine 
compartment . 


i 


f 


8.0 VARIABLE GEOMETRY ACTUATION SYSTEMS 


8.1 HYDRAULIC SUPPLY SYSTEM 

The hydraulic supply system provides hydraulic motive power to the fan 

duct nozzle (A18) actuators and fan blade variable-pitch mechanism. The 
* 

system consists of a hydraulic pump, boost pump element, filter, makeup 
filter, relief valve, and magnetic chip detector. 

The UTW system is shown in Figure 72. A pressure-compensated hydraulic 
piston pump is driven by the accessory gearbox and provides varying flow out- 
put at constant pressure to servovalves which are part of the fan duct nozzle 
(A18) and variable-pitch systems. Pump output flow is determined by the de- 
mand from the servovalves, varying from actuator leakage at holding condition 
to maximum during the engine thrust reversal transient. The supply system is 
sized to provide pea 1 ' transient flow for simultaneous operation of A18 and 
variable pitch at engine idle speed (65% of rated). Although pump maximum 
flow capability is proportional to engine speed, the output pressure is con- 
stant and virtually independent of speed or flow. 

The hydraulic system receives and uses the same oil as the engine lube 
system. Once the hydraulic system is filled, however, it functions very 
nearly as an independent closed system. When oil leaves the pump to the 
servovalves at high pressure, oil is at the same time returning at low pres- 
sure from the servovalves. The servovalve incoming flow passes through a 1 x 
10 m (10 pm) filter which provides a servovalve protection from hydra Jlic 
pump and engine lube system contaminants. 

As the A18 actuators slew from head-end to rod-end position, there is 

differential displaced volume equal to the volume represented by the actuator 

piston rods. For a one second slew, this amounts to somewhat less than 1.89 
-4 3 

x 10 m /sec (3 gpm) which must be made up from the engine lube system oil. 

-4 3 

Also, it is necessary to provide approximately 1.89 x 10 m /sec (3 gpm) to 
the pump during steady-state holding for pump cooling. Both of these functions, 
makeup and pump cooling, are provided by using an element in the engine lube 
pump as a makeup and boost pump to the hydraulic pump. A relief valve across 
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Servovalve 



Figure 72. Hydraulic Supply System Schematic. 
















the lube pump elements acts a3 a pressure regulator so that the hydraulic pump 
inlet pressure is sufficiently high to avoid cavitation in the pump piston 
cavities. Hydraulic pump cooling is provided by virtue of mixing hydraulic oil 
with lube oil which passes through the engine oil cooler. Incoming hydraulic 
system makeup and cooling flow has been filtered to the 22 pm level in an inline 
makeup flow filter. A magnetic chip detector is provided in the line returning 
cooling flow to the engine lube system so that any ferrous metal contaminants 
generated in the hydraulic system can be identified. A relief valve is pro- 
vided to protect the high-pressuie hydraulic components in the event of a pump 
pressure compensator failure. 

As the engine is started, the hydraulic supply system flow output is at 
maximum in proportion to the engine speed. A servo demand decreases to zero, 
system pressure rises to a constant value independent of speed. With zero 
initial flow demand during start, the system pressure will reach rated value 
at approximately 2% engine speed resulting in a hydraulic pump input torque 
transient to approximately 1280 in. -lb. Torque will decrease to 200 in. -lb. 
at 20% speed and finally down to 100 in. -lb. at idle so long as flow demand 
is zero. At all conditions above idle speed, the hydraulic supply system 
will provide a near-constant pressure output (varying from 3350 psid minimum 
at maximum flow to 3500 psid at zero flow). Flow capability will be propor- 
tional to speed. Response time of the supply system, in terms of the time to 
establish rated output pressure after a step change in flow demand from 
minimum-to -maximum or maximum- to-minimum, is approximately 0.15 seconds. 

8.2 HYDRAULIC PUMP 

The pump provides varying flow output at constant pressure to servovalves 
which are part of the fan duct nozzle and variable-pitch systems. 

The pump on the experimental engines is an ABEX Model AP12V-54 pressure- 
compensated piston pump. This model pump is an upgraded high-speed (6864 rpm) 
version of earlier model AP12V pumps qualified in production for the F-lll 
fighter aircraft and the CH-53 helicopter. The AP12V-54 was requalified in 
June, 1975 for use on a Boeing Vertol Co. application. The pump, shown in 
Figure 73, is compact in size and weighs 9.75 kg (21.5 lb.). 
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The pump is direct-driven off the engine gearbox through a splined shaft. 
Drive input is to a revolving cylinder barrel that contains nine (9) pistons. 
Pivoted shoes attached to the piston are supported on an inclined stationary 
cam plate which causes the pistons to reciprocate as the piston barrel revolves. 
A hold-down plate insures continuous contact of the piston shoes with the cam 
surface. By varying the angle of the cam plate, the stoke of the piston is 
changed, thereby increasing or decreasing the flow output of the pump. 

Oil at approximately 60 psig is ported to the piston cylinders during 
their suction stroke and is expelled against high pressure during their 
discharge stroke. A pressure compensator regulates the volume delivered in 
accordance with the demand of the system, thereby maintaining a predeter- 
mined pressure. System pressure is directed to a compensating valve with a 
spool which is held in the closed position by an adjustable spring load. 

When system pressure exceeds the spring load, the spring moves the spool to 
vent oil in the stroking cylinder to the pump case. The stroking piston then 
retracts and an inherent force assisted by the rate piston spring moves the 
cam plate to a greater angle, increasing the volume pumped. Rated performance 
of the pump is tabulated below: 


Speed 


5977 rpm (100%) 


Output Flow, 
maximum 

Pressure Rise 


-3 3 

3.08 x 10 m /sec (48.8 gpm) at 100% speed 
2.01 x 10“ 3 in /sec (31.8 gpm) at 65% speed 


2.46 x X0l N/nu (3500 psid) at zero flow 

2.36 x 10 N/m (3350 psid) at full flow 


Overall Efficiency 

Shaf“ hp 5.57 x 10^ W 

(100% speed, fuel flow) 


83% 

(115 hp) 


Starting Torque 

Transient 

(at 2% speed, 3500 

psid and zero flow) 

Inlet Pressure 

Case Drain Pressure 


1.45 x 


10^ Nm 


(1280 in. -lb.) 


4.22 x 10 5 N/m^ (60 psig) 

9.14 x 10 5 N/m 2 (130 psig) 


Makeup and Cooling 
Flow 


3.78 x 



3, 

m /sec 


(6 gpm) 
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Heat Rejection 8.12 x 1(P W (462 Btu/min) steady-state 

(at 100% speed) 1.46 x 104 W (829 Btu/min) transient 

6 2 

Discharge Pressure ±2.46 x 10 N/m (±350 psi) 

Stability 

The pump is mounted to the forward left-hand side of the engine gearbox. 

A bolt-in flange is used. D^ive i.iput is through a splined quill shaft 

2 

having a shear section rating of 2.03 x 10 N/m (2600 in.-lb.). 

The flight engine will use a pump which integrates several of the func- 
tions now handled by separate components. The pump package may include the 
servovalves, filter, relief valve, and chip detector. An electric operated 
depressurizing valve (EDV) which enables the pump to operate against a 
reduced discharge pressure level for unloading during engine starting may be 
incorporated if needed. A quick-attach/-detach mount may be used in place of 
the bolt-on arrangement. Oil flow jumper tubes may be used in conjuction 
with cored passages in the engine gearbox to eliminate external piping. A 
modular pump design which permits removal of separate pumping elements and 
valve elements without removing the entire pump would also be considered. 

8.3 RELIEF VALVE 

The relief valve is located in a line connecting the hydraulic pump dis- 
charge to the pump inlet. In the event of a pump malfunction in which the 
pump failed to destroke and maintain a maximum discharge pressure, the relief 
valve would open and permit excess flow to bypass back to the pump inlet. 

The relief valve is Fluid Regulators Corp. model C1376-04 and has the follow- 
ing characteristics: 

Rated Flow 3.03 x 10 ^ m"Vsec (48 gpm at 4500 psid) 

at 3.16 x 10 7 N/m 2 
7 ? 

Cracking and Reset 2.53 x 10 N/m (3600 psid) minimum 

Pressure 

8.4 FILTERS 

The hydraulic supply filter is located inline downstream of the hydraulic 
pump (and relief valve). The filter protects the servovalves from contamin- 
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ants generated in the hydraulic system or introduced from the engine lube 
system. The filter also serves as a means of cleaning the hydraulic system 
after assembly or maintenance. The filter is Aircraft Porous Media (APM) 
model ACC-4081-1610Z and has the following characteristics: 

Rating 2.5 x 10 ^ m (25um) absolute 

1 x 10“ m (10ym) nominal 

5 2 

Pressure Drop 1.72 x 10 N/m (25 psid max. at 

at 3.03 x 10~3 m'Vsec 48 gpm) 

-3 

Capacity 2.5 x 10 kg (2.5 grams) 

An additional filter is provided in the line which routes makeup and 
cooling flow from the engine lube system. This filter provides protection 
for the hydraulic pump in the event of contaminants generated by failure of 
the lube supply pump or contaminants introduced into the oil tank. The use 
of a separate filter assembly is a convenience for the experimental engine 
and its function would be incorporated into the lube supply element for the 
flight engine. The unit is a J79 engine lube filter, APM model AC4208-123. 
Characteristics are as follows: 

Rating 4.6 x 10 ^ m (46ym) absolute 

2.2 x 10 ^ m (22um) nominal 

5 2 

Pressure Drop 0.41 x ]0 N/m 6 psid at 

at 3.79 x 10~^ m /sec 6 gpm 


8.5 CHIP DETECTOR 

The chip detector is installed in the line which routes the hydraulic 
pump cooling flow back to the engine lube system. The purpose of the unit is 
to identify ferrous contaminants which might be generated by the hydraulic 
pump in the event of an engine failure. For example, a hydraulic pump roller 
bearing failure could be distinguished from a main engine bearing failure. 

The unit consists of a permanent-magnet collector plug immersed in the oil 
flowpath through an inline housing. The part is a TEDECO model A-495. 
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8.6 FLOW CONTROL VALVES 


Hydraulic flow to the fan pitch and fan nozzle actuation is controlled 
by separate, 4-way, electrohydraulic, direction flow control valves mounted 
on a common manifold block which is mounted on the accessory gearbox. The 
valves control flow in response to a direct-current electrical signal from 
the digital control. 

A schematic of the valve design is shown on Figure 74. The electrical 
signal is applied to parallel redundant coils of the flat armature torque 
motor which applies torque to the jet pipe causing it to deflect. This 
deflection unbalances the pressure on the opposite ends of the spool causing 
it to move until the jet pipe is returned to its center position by the 
feedback spring - the force of the spring just counteracting the torque 
generated by the electrical signal. In this manner, spool position is made 
proportional to the electrical signal current. The position of the spool 
determines the porting between the high pressure supply frou the hydraulic 
pump (P), the actuation ports (1 and 2), and the low pressui e return (R) . 

The valves are designed to operate with hydraulic fluid supplied from 

the hydraulic pump within the normal pressure range of 2.36 :< 10 / to 2.46 x 
7 2 

10 N/m (3350 to 3500 psi). Flow ratings of the valves, based on a supply- 
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to-return differential of 2.40 x 10 N/m (3400 psi) and an actuation differen- 
tial of 1.69 x 10 7 N/m^ (2400 psi) are 0.63 x 10 '^m'y'sec and 1.75 x 10 ^ m'Vsec 
sec (10 and 27 gpm) for the exhaust nozzle and fan-pitch valve» respectively. 

For a flight design these valves would be replaced with fail-fixed valve 
designs similar to the one described for the fuel control (reference Section 
6.3) except designed for a double-acting rather than a single-acting actuator 
or motor (i.e., two output ports rather than one). 

8.7 FAN NOZZLE (A18) ACTUATION 

The fan nozzle actuators position the four interlocking flaps of variable 
nozzle as a function of flow and pressure from the electrohydraulic servo- 
valve. Two of the six actuators contain an electrical transducer to feedback 
nozzle position (see Figure 75). Six actuators, three in each rear-cowling 







half, are arranged circumferentially to hydraulically power the flaps through 
eight load-points. The center-mounted actuators in each half will power two 
load-points thus requiring twice the effective area of the four single-load- 
point actuators. These two larger area actuators will be synchronized 
through a worm screw mechanism in each actuator connected by an external 
flexible cable. The flexible cable contains a slip joint mounted in the 
pylon to allow the cable to lengthen as the cowl doors are opened. 

Each actuation consists of a piston and rod contained in a hydraulic 
cyclinder. A capped O-ring acts as a cross-piston seal while the rod con- 
tains a two-stage seal with the interstage cavity vented to the tank. Two 

2 2 

actuators contain 1.94 in. rod area (2.38 in. head area) while the four 

2 2 

single-load actuators contain C.97 in. rod area (1.33 in. head area). Two 
of the single* load actuators contain LVDT’s with the body grounded to the 
actuator and '-he core at tached to the movable rod. The LDVT produces an 
electrical signal proportional to rod position. The two larger actuators 
contain the mechanical synchronization mechanism. Cross sections of the 
actuators are shown in Figure 76. 

The actuators extend or retract as a function of rod or head port pres- 
sure and flow. The synchronous actuators produce a rotary mechanical output 
as a function of rod linear motion. Two actuators containing LVDT’s produce 
an electrical output as a runction of actuator position and input voltage. 

The actuator rod end is threaded to a slider block and locked at the 
proper position. With the slider block installed in the nozzle track, the 
actuator is pinned to its head-end mount. 

The hydraulic tubing, which has been previously installed through the 
cowl internal passages, is connected to the rod, head, and drain ports. 

The synchronous cable is fed from the pylon through the internal cowl 
passages and inserted into the actuator worm gear. The cable outer sheath is 
then threaded to the actuator sync-port. 

Hydraulic power is supplied by the constant pressure, variable-flow 
hydraulic pump common to the variable-pitch fan mechanism. Flow from the 
pump is controlled by an electrohydraulic servovalve. Upon an electrical 
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Figure 76. A18 Actuator Cross Section 




demand to the servovalve, hydraulic flow positions the nozzle until the 
actuator electrical feedback satisfies the demand. 


8.8 VARIABLE-PITCH ACTUATION 

The purpose of the variable-pitch actuation is to position the variable- 
pitch fan blades which are a key feature of the UTW engine. 

Two variable-pitch fan actuation systems are being developed as a part 
of the UTW experimental engine program. The cam harmonic drive system, 
illustrated in Figure 77, is being developed by the Hamilton S andard Division 
of United Technologies Corp. under subcontract to General Ele< ric. Two 
hydraulic motors, which are part of the Beta regulator module mounted in the 
core cowl area, provide rotary mechanical input to the differential gear 
train through a flexible drive shaft which passes through the main reduction 
gear support. The rotary motion is then transmitted through a no-back, 
harmonic drive, rotating cam and cam follower arms to the blade trunnion. 

The overall gear ratio from the blades to the flexible shaft is a nominal 
773:1, with most of the ratio (201:1) provided by the harmonic drive. This 
permits the low torque power transmission elements between the Beta regulator 
and the harmonic drive to be designed for low weight and improved blade angle 
accuracy. 



L 


The planetary differential gear train provides a 5:1 ratio, and is 
utilized to cross the rotating boundary of the fan. The function of the 
bidirectional, spring- type no-back is to lock the fan blades in position in 
the absence of a pitch change command. 

Two LVDT's located in the Beta regulator unit, and driven by hydraulic 
motor output, provide a blade angle feedback to the engine digital control 
system. 

Utilization of a flexible drive capability permits the LVDT’s and 
hydraulic motor to be remotely located in an engine area which permits ease 
of inspection and component replacement. 

The ball spline actuation system shown in Figure 78 is being developed 
by General Electric. A hydraulic motor located on the fan centerline drives 


] 
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COMPOSITE PAN BLADE 



General Electric Ball Spline Actuator System 









a ball screw actuator through a differential gear and no-back. The linear 
motion of the ball nut of screw causes the sleeve (middle member) of a ball 
spline to translate in a fore or aft direction. The ball spline is a double- 
acting member with helical ball tracks between the sleeve and inner member, 
and straight ball tracks between the sleeve and the outer ball spline member. 
The inner member is attached to the aft ring gear while the outer member is 
attached to the forward ring gear. Translation of the ball spline sleeve, 
fore and aft, drives the two ring gears in tangentially opposite directions. 
The ring gears in turn are mated to 18 pinion gears that are splined to the 
fan blade trunnion. 

The gear ratio between the hydraulic motor and the fan blade is 470:1. 
Two LVBT's driven by the hydraulic motor provide a blade angle feedback to 
the engine digital control system. 

From a control system standpoint, operation of the two variable-pitch 
actuation system designs is essentially the same. 

As described in Section 3.0, depending on control mode, the fan blades 
are either positioned in accordance with manual or automatic scheduling 
inputs or they are modulated to maintain desired fan speed. In either case, 
whenever the digital control computer detects that the blades are not in the 
correct position, it sends an electrical signal to the fan pitch servovalve 
(reference Section 8.6) which ports hydraulic fluid to the hydraulic motor to 
get the correct pitch angle (or fan speed if in the modulating mode) . 

8.9 CORE STATOR ACTUATION AND FEEDBACK 

The F101 core compressor used in the QCSEE includes provisions for vary- 
ing the angle of the inlet guide vanes and stator vanes in stages 1 through 3 
to accommodate the relatively wide speed range in which the compressor must 
perform. 

The variable vanes are connected through a system of levers, rings, and 
links which are actuated by two fuel-operated linear actuators mounted to the 
compressor casing on opposite sides of the engine. The actuator motions are 
synchronized through the inherent rigidity of the linkage system. 
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The QCSEE core stator actuators are ^101 actuators (see Figure 79) 
modified to provide approximately 0.51 cm (0.2 in.) more stroke giving a 
total stroke of 8.446 cm (3.325 in.). This change is made by redimensioning 
the rod seal cartridge. The actuator vendor is Arkwin Industries, Inc. 

The core stators are controlled by a position control loop including the 
actuators, a control valve and hydromechanical computing elements in the 
hydromechanical control, and a flexible push-pull cable which serves as a posi- 
tion feedback from the actuation system to the control. As described in 
Section 6.3, the hydromecbanical control computes a desired stator vane posi- 
tion as a function of core speed and core inlet temperature and, by means of 
the control valve, controls flow to the actuators (as necessary) to make the 
vane position match the desired position. 

The feedback consists of a flexible, fixed-length, push-pull cable in a 
flexible, fixed-length cjnduit providing a stroke path and protection for the 
cable. To eliminate inaccuracy due to lost motion, the cable is kept in 
tension by the hydromechanical control, aided by a Teflon lining in the 
conduit which minimizes friction. The QCSEE feedback is virtually the same 
as that used in the F101, the only significant difference being that the 
QCSEE cable is nearly twice as long and has a sleeve swaged to the conduit 
near its midpoint which serves as a firewall seal. Cablecraft, Inc. is the 
vendor source for the feedback. 

For a flight design there would be little or no change to the core 
stator actuators but the feedback and control valve would probably change, 
depending on the nature of the simplified hydromechanical control discussed 
in Section 6.5. 
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Figure 79. Core Stator Actuator. 






9.0 SENSORS 


The engine sensors are the devices which change the variable to be 
measured into a form that can be used as an input signal to the engine dig- 
ital or hydromechanical control or as an input signal to an indicator gage. 
The sensors include the following: 

• Low Pressure Turbine (LPT) Speed Sensor 

• Fan Inlet Temperature Sensor 

• Core Inlet Temperature Sensor 

• Compressor Discharge Temperature Sensor 

• Absolute Pressure Transducers 

• Differential Pressure Transducers 

• Compressor Discharge Pressure Sensor 

9.1 LOW PRESSURE TURBINE (LPT) SPEED SENSOR 

The LPT shaft speed sensors produces two electrical signals that repre- 
sent the rotational speed of the low pressure turbine shaft. One signal will 
be used for governing engine fan speed. The other signal will be used to 
limit the rate of speed change and maximum speed in the event of a loss of 
fan load, overspeed, or control failure. Each signal contains a signature 
which occurs once per revolution for dynamic balancing. 

The speed sensor is very similar to that used on the F101 engine and is 
utilized as shown in Figure 80. The sensor consists of a curved metal tube 
containing lead wires with a magnetic pickup having a positioning flange on 
one end and an electrical connector (plus a mounting flange with a compres- 
sion spring) on the other end. Design features are: 

Rated speed (100%) 7996 rpm 

Shaft acceleration ±1200 rpm/sec 

Environmental temperature -40° F to 350° F 

(-40° C to 176.7° C) 
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Signal frequency 36 pulses/rev with a 

1/rev signature 

Signal amplitude (at 10% speed) 0.2 volts peak-to-peak 

minimum 

Signal amplitude (at 100% speed) 10.0 volts peak-to-peak 

maximum 

Balance signal (1/rev) amplitude ratio 2:1 

The magnetic pickup consists basically of a permanent magnet behind a 
soft-iron pole pier containing a bobbin on which two coils have been wound. 
The magnetic flux linking the coil is high when a ferrous metal object 
(tooth) is placed in front of the pole piece and is low with no ferrous metal 
(slot) in front of the pole piece. The generated voltage is proportional to 
the rate of flux change in the pole piece, and the frequency of the a.c. 
signal is a product of the number of teeth and shaft speed in revolutions per 
second. The wave form of the signal is nearly sinusoidal depending upon the 
relative width of slots and teeth on the rotating disk and also the width of 
the pole piece relative to the slots and teeth. Signal output from the 
sensor is routed to a conditioner device in the digital control which pro- 
duces a uniform voltage amplitude and wave form at varying speed so that 
ultimately the conditioned signal is interpreted in terms of frequency rather 
than voltage amplitude. 

The sensor is installed (see Figure 80) in a fan frame strut by passing 
the pickup end through a tube in the strut until it is positioned in close 
proximity to a gear-like wheel located immediately aft of the LPT shaft front 
bearing. The spring-loaded mounting flange at the connector end is bolted to 
a pad on the aft side of the strut near the outside. 

The flight design of the LPT speed sensor wii 1 be similar to that shown 
except for possible variations in external configuration. 

9.2 FAN INLET TEMPERATURE (T32) SENSOR 

The T12 sensor provides the engine control with an electrical signal 
representing the total temperature of the air entering the fan for use in 
scheduling and computing within the digital control. 
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The fan inlet temperature sensor shown in Figure 81 is identical to that 
used on the F101 engine. The sensor is a wire-wound resistance-type device 
mounted cn and protruding through the inlet duct into the fan inlet air- 
stream. The sensor consists of a sensing element and housing. The sensing 
element contains a platinum wire wound on a cylindrical platinum mandrel. 

The wires are insulated from each other and from the mandrel by a Leramic 
insulant. The element is hermetically sealed in a capped platinum sheath and 
the connections are potted. The housing is a slotted airfoil which controls 
airflow so that the sensed temperarure is that of the free stream. A series 
of small holes bleeds off the boundary layer and turns the stream, but not 
heavier particles, inward toward the sensing element. The boundary -layer air 
is exhausted out the top. Some of the diverted airstream flows through the 
first slot and carries the lighter liquid contaminants. The remaining por- 
tion of the diverted flow goes through the second slot and around the sensing 
element. Free-stream air, which flows around the sensing element, does not 
contact any portion of the sensor housing on airfoils. 

The T12 sensor operates on the principle that the resistance of the 
platinum wire is a predictable function of temperature. A constant direct 
current of 12.5 mA is applied to the sensor coil and the voltage used as an 
indication of temperature. 


Design Features 

Temperature Range 
Resistance Range 
Excitation 

Accuracy 
Recovery Error 

Response Time 

(to 63.2% of final value) 


-40° C to 7.1.° C (-40° F to 160° F) 

168 to 256 ohms 

12.5 mA d.c. 
(constant) 

±1.11° C (±2° F) max. 

Less than 0.5% at 
Mach 0 . 4 

Less than 5 seconds 
2 

to 48.8 kg/sec/m 
(10 pps/ft 2 ) 
airflow 
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Figure 81 . Fan Inlet Temperature (Tlz) Sensor 










9.3 


CORE INLET TEMPERATURE SENSOR 


Core inlet temperature is sensed hydromechanically by means of a gas- 
filled metal coil which protrudes into the core compressor inlet air flow- 
path. The coil is connected directly to a servomechanism which, in con- 
junction with the hydromechanical control, provides a fuel pressure pro- 
portional to core inlet temperature. Additional details on this sensor are 
given in Section 6.3. 

9.4 COMPRESSOR DISCHARGE TEMPERATURE SENSOR (T3) 

Compressor discharge temperature is sensed by a thermocouple located in 
the core air flowpath at the entrance to the combustor. The thermocouple 
signal is used in the digital control for calculation and control of turbine 
inlet temperature. 

The temperature sensor shown in Figure 82 is similar to that used on the 
F101 and CFM56 engines. The sensor is mounted on the outer combustor case 
utilizing an existing engine borescope plug. The sensor will protrude 
through the inner combustor case and into the combustor outer-flow passage. 
The probe construction will be ruggedized for reliability utilizing a stain- 
less steel sheathed- lead sealed at the sensor and connector ends. The design 
of the temperature sensor tip will optimize time response and repeatability 
of the measurement. 

The probe consists of an ungrounded chromel-alumel thermocouple, encap- 
sulated in a swaged magnesium- oxide tip which senses the air temperature 
surrounding the probe tip. The output signal from the sensor is routed 
directly to the digital control. 

9.5 ABSOLUTE AND DIFFERENTIAL PRESSURE TRANSDUCERS 

Two absolute-pressure transducers and two differential-pressure trans- 
ducers are included within the QCSEE engine-mounted digital control to con- 
vert air pressure inputs into electrical signals for use in the control. 
Pressures sensed are: 
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Absolute 


Compressor Discharge Static Pressure (PS3) 

Free-Stream Total Pressure (PTO) 

Differential 

PT0-PS11 (Inlet Throat Static Pressure) 

P14-PT0 (P14 is Fan Discharge Pressure) 

It should be noted that the P14-PT0 sensor was included as a potential 
thrust parameter. As noted in Section 4.0, this is not the thrust parameter 
to be used during initial experimental engine testing, but the transducer has 
been retained and may be used at a later time. 

Location of the source for these sensed pressures (except P14) was 
discussed in Section 4.8. Operating ranges are 0 to 300 psia for PS3, 0 to 
20 psia for PTO, and 0 to 12 psid for both differential transducers. 

All of these sensors are thin-film, strain gage bridge transducers 
identical to those used in the F101 engine. A typical cross section is shown 
in Figure 83. The sensors receive their electrical excitation from the 
control and change the AP and static pressure signals to electrical signals. 
They are located inside the digital control chassis. 

The strain member is a cantilever beam on which a ceramic film is 
deposited for electrical insulation. The thin, metal film resistors forming 
a 4-element Wheatstone bridge are vacuum deposited on the ceramic insulator 
film. The beam is linked to a force-collector diaphragm which induces a 
strain on the beam proportional to applied pressure. 

The sensors operate on the principle of a mechanical distortion pro- 
ducing a change in electrical resistance across a strain gage and, he^ce, a 
change in electrical current output from a bridge circuit. Referring to 
Figure 83, pressure is ported to the sensing diaphragm which deflects and 
drives a linkage pin against the sensing beam. The beam is shaped in such a 
way that it bends and causes ‘'stretch 1 * on the surface to which the strain 
gages are attached. 
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Figure 83. Pressure Transducer. 




9.6 COMPRESS*..* DISCHARGE PRESSURE SENSING 


Compressor discharge static pressure (PS3) is sensed both hydromechan- 
ically and electrically. The hydromechanical control includes a servomechanism 
which senses PS3 by means of a bellows and provides a fuel pressure for use 
within the control which is proportional to PS3. This servomechanism is 
shown as part of Figure 67. 

The electrical PS3 transducer was described in Section 9.5. 
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10.0 MISCELLANEOUS 


10.1 CONTROL ALTERNATOR 


The QCSEE control system Includes an engine-driven control alternator 
which provides primary power for operation of the digital control, power for 
an Isolated emergency fan overspeed function in the digital control, and core 
speed indication both for the digital control and for remote indication. 


The control alternator, which is Identical to the one used on the F101 


engine, is shown on Figure 84. It consists of a rotor containing 12 equally 
spaced permanent magnets with adjacent magnets having opposite polarity and 
a stator containing a laminated soft-iron core with 12 equally spaced poles 
wound with magnet wire. The coils are combined into four separate windings 
and utilized as shown on Figure 84. The voltage generated in each coll is 
proportional to the rate of flux change in the stator poles, and the fre- 
quency is proportional to the number of rotor pole pairs, both determined by 
speed of the rotor. 


Outputs of the windings at ll'<0% speed (24,903 rpm) are: 


Urtidinc 


Maximum Open 
Circuit Voltage 
(volts rms) 


Maximum Short 
Circuit Current 
(amperes rms) 


B1 & B2 


The alternator is mounted on the aft side of the accessory gearbox near 
the left end when looking forward. The rotor mounts to and is driven by a 
shaft protruding from and supported by bearings in the gearbox. The rotor 
hub threads (left-hand) onto the shaft until it seats and is positioned by a 
nonlocking taper. A left-hand thread locknut with a Vespel insert is used 
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to secure the rotor. A pilot, with an O-ring seal, positions the stator 
radially. The stator is clamped to the gearbox by means of locknuts (and 
washers) threaded to three studs protruding from the gearbox pad. 

10.2 ELECTRICAL INTERCONNECTIONS 

Electrical interconnections in the QCSEE control system are accomplished 
using connector and cable designs essentially equivalent to those used on the 
F101. Stainless steel connectors are used on all connectors on and around 
the engine. Interconnecting cables are made up with wires combined in 
shielded, twisted pairs to minimize electromagnetic interface. Individual 
wires are virtually all stranded AWG 20. 

An electrical interconnection schematic is shown on Figure 85. 

10.3 WEIGHT 

Weight estimates have been made for all system components, both for the 
designs to be used on the experimental engine and for predicted flight engine 
designs. The weight estimates are tabulated in Table XV. 
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Figure 85. Electrical Interconnections. 
















Table XV. Control System Weight 


Experimental 


Fuel Pump 
Fuel Filter 

Hydromechanical Control 
T25 Sensor 

Core Stator Actuators (2) 
Core Stator Feedback 
Drain Eductor 
Eductor Flow Regulator 
Fuel System Total 


Digital Control and Mounting Hardware 

Alternator 

LPT Speed Sensor 

T12 Sensor 

T3 Sensor 

Electrical System Total 


Hydraulic Pump 
Hydraulic Filter 
Hydraulic Relief Valve 
Chip Detector 
A18 Actuators (6) 

A18 Synch. Cables 
A18 Synch. Slip Joint 
A18 Servovalve 
Servovalve Manifold 
Hydraulic System Total 


(lbs.) 


Predicted 

Flight 
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APPENDIX A 






NOMENCLATURE DEFINITION 


A18 Fan Exhaust Area 

A41 High Pressure Turbine Inlet Area 

A49 Low Pressure Turbine Inlet Area 

SC Core Stator Vane Angle 

BF Fan Blade Pitch Angle 

FD Ram Drag 

FG Gross Thrust 

FN Net Thrust 

HP High Pressure 

LP Low Pressure 

MO Aircraft Mach Number 

Mil Inlet Throat Mach Number (Same as XM11) 

NIK Same as PCNLF 

NIT Percent Fan Turbine rpm 

NH Core rpm 

NL Fan rpm 

PAMB Ambient Pressure 

PCBP Compressor Bleed Pressure 

PCNH Percent Core rpm 

PCNHR p ercent Corrected Core rpm (PCNH//T25/518. 7) 

PCNL Percent Fan rpm 

PCNLR Percent Corrected Fan rpm (PCNL/ '712/518. 7) [Equivalent to NIK] 

PLA Power Lever, Angle 

PS3 Compressor Discharge Static Pressure 

PS3Q0T PS3/PT0 

PS8 Core Exhaust Nozzle Throat Static Pressure 

PS11 Inlet Throat Static Pressure 

PS14 Fan Discharge Static Pressure 

PTO Free-Stream Total Pressure 

P14 Fan Discharge Total Pressure 

P14Q0T P14/PT0 

P49 Low Pressure Turbine Inlet Total Pressure 

P49Q0T P49/PTO 

SM12 Fan Stall Margin 

TP1, TP2, 

Etc. Thrust Parameters as Defined in Section 4.2.1 

TO Ambient Temperature 

T2 Fan Inlet Total Temperature (Hub) 

T3 Compressor Discharge Total Temperature 

T8 Core Exhaust Total Temperature 

T8QT2 Same as T8/T12 

T12 Fan Inlet Total Temperature 

T12R Fan Inlet Reference Total Temperature (Figure 7) 
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Appendix A (Continued) 

T25 Core Inlet Total Temperature 

T41 High/Low Pressure Turbine Inlet Total Temperature 

T41C T41 Calculated from T3, WF, and PS3 

T41CT2 Same as T41C/T2 

T49 Low Pressure Turbine Inlet Temperature 

T49QT2 Same as T49/T12 

UTW Under the Wing 

VSV Variable Stator Vane Position (Equivalent to 6C) 

WC Cooling Bleed Airflow 

WF Engine Fuel Flow 

W25 Core Air Flow 

XM11 Same as Mil 
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Automatic Mode - Reverse Negligible; stop is nea 

6F to reverse stop. normal reverse position 
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Hydromechanical control Fuel control loop closes metering valve Possible WF Instability 

fuel bypass valve goes maintaining schedules and llmita. Excess Shutdown required to 

dosed. fuel Is bypassed through relief valve prevent excessive fuel 

causing fuel temperature rise. heating. 
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♦Identification numbers (i.e. , B.I., B.2., etc.) match failure analysis 
numbers In Appendix B. 
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Failure Simulation Study (Continued) 
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Failure Simulation Study (Continued) 
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Failure Simulation Study (Continued) 
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Figure 91. 


VTW Experimental Engine Transient When PS3 
Sensing Line Leaks (Takeoff, SL8, Std. Day) 
(Concluded). 
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Figure 92 


UTW Experimental Engine Transient When PS3 Sensor 
Opens or Shorts and Indicates Minimum PS3 (Takeoff, 
SLS, Std. Day) (Concluded), 
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Figure 94, 17TW Experimental Engine Transient When Digital 
Control WF Output Circuic Fails to Maximum 
Increase (Takeoff, SLS, Std. Day), 
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Figure 95. IfTW Experimental Engine Transient When Digital 
Control WF Output Circuit Fails to Maximum 
Decrease (Takeoff, SLS, Std. Day) (Concluded). 
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Figure 96. UTW Experimental Engine Transient When Digital Control 
Fan Pitch Output Circuit Fails to Maximum Open 
(Takeoff, SLS, Std. Day). 
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Figure 97. VTW Experimental Engine Transient When Digital 

Control Fan Pitch Output Circuit Fails to Maximum 
Close (Takeoff, SLS, Std. Day). 
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Figure 97. 



UTW Experimental Engine Transient When Digital 
Control Fan Pitch Output Circuit Fails to Maximum 
Close (Takeoff , SLS, Std. Day) (Concluded). 




Figure 98. UTW Experimental Engine Transient When Digital 
Control A18 Output Circuit Falls to Maximum 
Open (Takeoff. SLS, Std. Day). 
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Figure 98. OTW Experimental Engine Transient When Digital 
Control A18 Output Circuit Fails to Maximum 
Open (Takeoff, SL3, Std. Day) (Concluded). 
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Figure 99 
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Control A18 Output Circuit Falls to Maximum 
Closed (Takeoff, SLS, Std. Day) (Concluded), 
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ficant portion in MQ register. Re- 

L and 
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complement). 
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rlrtc znr 1 0,111 M<? re Sisters 
right logically one place. 

Left shift accumulator and MQ regis- 
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Interchange the contents of the accu- 
mulator and the MQ registers. 

Divide the contents of the combined 
accumuiator and MQ registers by the 
signed divisor in scratch pad memory 
address XXX (0 to 255). Quotient is 
in MQ leglster and is signed. (one's 

tional? ent ' Division is n °t frac- 

Same as BRMA except transfer is un- 
conditional. 

Same as BRMR except transfer is un- 
conditional. 
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3 8 

r o 

) 9 

J 75 

1 9 

1 75 

70 

C 8 

13 
70 
0 

173 — 
10 
3736 
70 
2 

JO __ 
1 .\ 
195 n 
1638 ~ 
6 
0 

252 

3 

6 

3 

252 

0 

9 

0 

102 — 
10 
1175 
8 
9 
9 
2 
8 


Calculation ■■ f 

DOR.KHR Output 



. 8F Auto 
Cain Stored 


I 

* Store Vert , 
VB Signal 


Max* 8F 
Rato Stored 


Store VSV 
‘ Position 
Signal 


715 STH 
7t6 sub 

717 LDA 

718 BRHR 

719 l, DA 

720 STO 

721 LMI 

722 MPV 

723 STO 
720 INP 

725 STO 

726 Inp 

727 STO 


728 LaI 2067 

729 SUB 6 

730 Sub 65 

731 STO 6 

732 Lai 2925 

733 STO 6 

730 LDA o 

735 S,JB 27 

736 LDA 0 

737 BRMR a 

738 LDA 8 

739 ADD l 

'?0 STO 6 

1 ? J LMI !flU 3 

702 MpYM 2<(7 

703 STO fl 

700 I N P j 

705 STO | g 7 . 

LMI 3337 

707 MpYp a 

798 StO 9 


31 

6 

9 Calculated BP 
£ Floor 

6 Sched. DBFS 

0 -r 

e67 

6 

0 ’ J "~ 

j 1 ^Jtore Clock Fai 
j Indicator Stem 
196 Sto, 'o 0P Roof 


Sto re Clock Fail 
Indicator Stennl 


-DDTRST 


Bf Floor 
Stored 


709 Lai | 7 1 7 


750 SUB W 9 I 

751 STO 9 

752 LaI 194<j Calculation of 

75 3 SUB g n OFS Channel with 

750 S TO p “ F1 ' 0,i ' UUF » dbmpr 

755 iflA /, * tmits ' to Min. 

75a oiiu 0 Selection in Main 

•56 SUB 27 Channel. Con- 

'Z' J-DA 8 tlnues to 8G1 , 

758 ttoMo 


750 STO 

755 LDA 

756 SUB 

757 LDA 

758 BrMr 

7 59 LDA 

760 STO 

761 LDA 

762 SUB 

763 LDA 
760 BrMR 

7 65 LDA 

766 SUB 

767 StO 

768 R SH 

769 STO 


• dbflor 
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770 

771 
77? 
773 
770 
775 
77fe 

777 

778 

779 

780 

781 
78? 
783 
78o 

785 

786 

787 

788 

789 

790 

791 
79? 
793 
79o 

795 

796 

797 
79fl 

799 

800 
801 
802 
803 
80o 

805 

806 
807 
80S 

809 

810 


IMP 
STO 
LAI 
STO 
RSH 
SUB 
LDA 
BRMR 
LDA 
SIO 
LDA 
SUB 
STO 
RSH 
SUB 
LDA 
BRMR 
LDA 
STO 
LHI 
MPY 
ADD 
STO 
SUB 
BRMR 
SUB 
BRMR 
LDA 
JMPR 
JMPR 
l DA 


811 

812 

813 

810 

815 

816 

817 

818 

819 

820 
821 
822 
823 
820 


OUT 

STO 

IMP 

STO 

LAI 

STO 

LDA 

SUB 

STO 

LDA 

SUB 

STO 

LMT 

MPY 

STO 

ROT 

ADD 

STO 

LDA 

ADDC 

STO 

STO 

JMPP 

LDA 


1 

198 
1070 
36 

2 
6 

36 
2 
5 

5 
0 

36 
9 
2 

6 
5 
2 
9 
5 

1607 
5 
5 
5 
0 
5 
1 1 
0 

1 1 
0 
-3 
5 
0 
5 
1 

1 99 - 

676 
35 
0 
35 
13 

5 

76 

6 

311 

6 

6 

0 

77 
77 
76 

6 ' 

76 

5 

3010 

5 


W Ft'eilOji'k 
Bins Stored 


— Idle N2 Stored 


TB Floor 


#25 SUB 0 

826 BRMR $ 

8 27 SUB 3 b 

828 BRMR o 

829 LDA 3 b 

830 JMPR y 

831 JMPR .3 

#32 LDA b 

833 OUT y 

830 STO b 

#35 SUB y 

#36 BRMR 2 

#37 JMPR d 

838 SUB |3 

839 BRMR s 

#90 LDA b 

861 JMPR 3 

862 LDA U 

#63 OUT o 

#60 STO 5 

865 INP i 

866 STU 200 

#87 LMI 3 0 9b 

868 MPY b 

869 l SM d 

»50 L3H p 

851 STU b 

852 LDA «. 

853 RSH ; 

«50 STU l 

855 LDA 7 

856 RSH ? 

857 SUB 

858 LDA 7 

859 BRMR 2 

860 lDA b 

8 fel STU f 

862 LDA 0 ’ 

863 BRMR d 

866 LDA 9 b 

865 STU 

866 LMI 

867 MPYM 

868 STU 

869 IMP 

870 STU 

871 LMI 

872 MPYM 

873 STU 
870 LAI 
875 ADD 


Bov. Inters 
Stored V 


i 

Mein Cl 

P 


876 STU 

877 LAI 

878 STU 

879 ADD 


83 

1803 

206 

9 

i 

201 

3337 

9 

0 

231 

0 

0 

102 

100 

9 


• »F MCI Wi 

• SF Roof ; 


Mnx. TdlC fl 
Stored 


0F Roof_Chn 
thru Is+J i n 
Main ClTHnno 


Continues t 
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ORIGINAL PAGR I'3 
.OR POOH QUALITY 


flflo sto 

881 IDA 
. 882 SUB 
883 LDA 
A89 BRMR 

885 UDA 

886 srn 

887 $UB 

888 srn 

889 rsh 

890 srn 

891 UDA 
092 STo 
893 RSH 
098 SUB 

895 LDA 

896 flRMR 

897 LDA 

898 s 1 0 

899 LDA 

900 SUB 

901 STO 

902 RSH 

903 SUB 
900 LDA 

905 BRMR 

906 LDA 
90 7 STO 

908 IN P 

909 STO 

910 LM I 

911 Mpy 

912 ADD 

913 STO 
910 SUB 

915 BRMR 

916 JMpR 

917 SUB 

918 BRMR 

919 LDA 

920 JMPR 

921 LDA 

922 OUT 

923 STO 
920 LDA 

925 SID 

926 LDA 

927 SUB 

928 STO 

929 LDA 

930 SUB 

931 STO 

932 IN P 

933 STO 
939 LMT 


2 
6 
9 
2 
5 

5 
0 
9 
9 
2 

6 
5 
2 
9 
5 
1 

202 - 
1607 
5 
5 
5 
0 
2 
2 

12 

3 

5 

3 

12 

0 

5 

35 

9 

0 

9 

13 

5 
78 

6 
1 

203 -*>- 
311 


■ OB Hoof Bat Mu, 

■ DOB 


, Power Demand 
Stored 


935 

mpy 

6 

936 

»■> rn 

6 

937 

Bill 

0 

938 

add 

79 

939 

STO 

79 

990 

t»OA 

78 

991 

addd 

6 

992 

STO 

78 

993 

STO 

5 

99t| 

JMPP 

3010 

995 

LnA 

5 

996 

SUB 

0 


Til Hoof 


* TD Pool 


* LSB 
MSB 


„ Manual A18/Auto 
XMli Stored 


' 9 sub 

; 999 BRMR 

’50 LDA 
; 951 JMPR 

' 952 JMPR 

I 953 LpA 
. 950 OUT 
! 955 STO 
, 956 SUB 

957 Brmr 
i 958 JMPR 
| 959 SUB 

I ORMR 

! 961 LDA 

! 962 JmPR 
i 963 LDA 

! 969 out 
. 965 SrO 
966 Inp 
! 967 STO 
j 968 LMl 
1 969 Mpy 

970 LSM 

971 LSK 

972 STO 

973 RSH 
979 STO 

975 LDA 

976 RSH 

977 SUB 

978 LDA 

979 BRMR 

980 LDA 

981 STO 

982 LDA 

983 BrMr 
989 LDA 

985 STO 

986 LMI 

987 Mp Y m 

988 STO 

989 INP 


5 
9 
9 
9 
9 
*3 
5 
0 
5 
0 
2 
2 

13 
3 
5 
i 
13 
0 
5 
1 

? Ob 
3098 
5 
2 
2 
5 
2 
9 
7 
2 
9 
5 
2 
7 

7 

2 

2 

83 

83 ^ 
551 

255 -»~ 
9 
1 


Manual SB Demand, 
Auto N1 Sehod. 
Stored y 


SB MCI 


3*’ Rov, Input 
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990 

STO 

205 

t> (U V< |f:f 


1095 

LOA 

9b 

99 t 

LMl 

2916 



1096 

STU 

16 

99? 

MPYM 

9 



109 7 

LOA 

0 

99-* 

STD 

13 



1096 

SUB 

23 

99« 

U I 

1717 



1099 

LDA 

0 

99*> 

SU« 

13 



1050 

BRMR 

2 

996 

STO 

13 

c*F Riivitrm* If 

* 

1051 

LDA 

16 

997 

LAI 

111 

t«* Manual 1* 

ft 

1052 

STU 

16 

998 

STO 

99 


1053 

LOA 

9 

999 

ADO 

9 



1059 

BRMR 

2 

1000 

STO 

9 



1055 

LDA 

b 

1001 

LDA 

0 



1056 

STU 

b 

100? 

SUB 

27 



1057 

SUB 

17b 

1003 

LDA 

9 



1 i>56 

STU 

b 

1000 

BRMR 

2 



1059 

lmi 

2851 

loos 

LDA 

13 


| 

1060 

MPy 

b 

1006 

STO 

9 

T 

L 

1061 

STU 

b 

1007 

LDA 

67 

AlH T.M, (‘m » 

t 

1062 

SUB 

0 

1008 

AOD 

2 



1063 

BRMR 

5 

1009 

OUT 

13 

Oif-Fi.mne Fuuip Mil 

1069 

SUB 

11 

1010 

LMl 

1967 



1065 

BRMR 

9 

1011 

MPYM 

25« 

Manual BF 

D.manH 


1066 

LOA 

11 

1012 

STU 

6 

i'b * Ul 11*1 


1067 

JMPR 

9 

ton 

LAI 

231 



1068 

JMPR 

ft 6 

1019 

ADD 

6 



1069 

LDA 

b 

1015 

STO 

6 



1070 

UUl 

0 

1016 

LAI 

1893 



1071 

STU 

b 

1017 

MPYM 

259 



10 72 

SUB 

0 

1 A 1 a 

1 V * tl 

STO 

c 

•s 



• t\ ** 
l V f J 

« Mu r\ 

orcnr* 

c 

1019 

LDA 

100 



1079 

JMPR 

2 

1020 

ADD 

5 



1075 

SUB 

1 2 

1021 

STO 

5 



1076 

LDA 

b 

1022 

LDA 

0 

Mode Word • 1 

Flat 

1077 

BRMR 

2 

1023 

SUB 

27 

~"'™ rui*li/6tall 

1078 

JMPR 

d 

1029 

LDA 

5 


1079 

LDA 

12 

1025 

BRMR 

2 



10flU 

STU 

b 

1026 

LDA 

6 

nnp Mn nun 1 


1081 

SUB 

80 

1027 

1028 

STO 

SUB 

5 

9 

. uur manual 

Established 


1082 

1083 

STU 

LDA 

9 

82 

1029 

LDA 

9 



1089 

ADD 

2 

1030 

BRMR 

2 



1085 

uur 

13 

1031 

LDA 

5 



1086 

lm r 

31 1 

1032 

STO 

5 



1087 

MPY 

0 

1033 

LDA 

0 



1088 

STIJ 

6 

1039 

BRMR 

2 



1089 

rut 

0 

1033 

LDA 

2 



1090 

AOD 

81 

1036 

STO 

16 



1091 

STU 

81 

1037 

LDA 

5 



1092 

LDA 

80 

1038 

SUB 

B 



1093 

ADDC 

6 

1039 

LDA 

5 



1099 

STU 

8» 

1090 

BRMR 

2 

Cole* on Manual 

1095 

STU 

b 

1091 

LDA 

B 

BF hoop Conti 

mica 

1096 

JMPP 

3010 

1 092 

STO 

5 

to 1179 


1097 

LDA 

3b 

1093 

LOA 

16 



1098 

STU 

9 

1099 

BRMR 

2 



1099 

LDA 

0 


Selection Peuoen 
Rev, and Man. 


DBF 


Output uf fc 
Established 


Output Of 



I 


- til- T.M, current — 
Transmitted to 
Off -Engine 
_ Equipment 


Manual Up calc, 


* 
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1100 

SUB 

9 

1101 

sin 

13 

1|02 

lda 

5 

1103 

SUB 

0 

1104 

brmr 

5 

1105 

SUB 

9 

1106 

BRMR 

4 

1107 

UDA 

9 

1108 

JMPR 

U 

1109 

JMPR 

*3 

1110 

LDA 

5 

HU 

OUT 

0 

1 112 

STO 

5 

1113 

SUB 

0 

Ul« 

BRMR 

2 

1115 

JMPR 

2 

1116 

SUB 

13 

1117 

lda 

5 

1118 

BRMR 

2 

1 119 

JMPR 

2 

1120 

LDA 

13 

1121 

STO 

5 

1122 

lda 

96" 

1123 

ADD 

2 

1124 

OUT 

13 

1125 

LMt 

3098 

1126 

MPY 

5 

1127 

LSH 

2 

1128 

LSH 

2 

1129 

STO 

5 

1130 

LDA 

0 


T 


1131 SUB 

1132 SUB 

1133 SUB 

1 1 34 SUB 

1135 LDA 
11 36 BRMR 

1137 LDA 

1138 STO 

1139 ld A 
ll«0 BRMr 
11^1 LDA 
ll42 STo 
H43 LOA 
1144 OUT 
1H5 LAI 

1 1 46 STO 
H47 LDA 
1148 SUB 
U49 STO 
1150 LDA 
US1 SUB 

1152 BRMR 

1153 SUB 

1154 BRMR 


21 

25 
23 

26 
5 
2 
7 
7 

16 

2 

83 

83 

i06 

13 
1 367 
9 
1 
9 
1 3 
7 
0 
5 
9 
4 


Manual 0F Calc, 
Cent, thru 
lh»t, 1170 


WF T,M, Current 
Transmitted to 
Off-Engine Equip, 


] 


Fuel Flow Trans- 
mitted to Off- 
Engine Equip, 


1155 Lda 

1156 JmPR 

1157 JMPR 

1158 LnA 

1159 Ut/T 

1160 STO 

1 1 6 1 sub 

1162 Brmr 

1163 JMPR 

1164 SUB 
1 165 LDA 

1166 Brmr 

1167 JMPR 

1168 LDA 

1169 STO 
M70 LAI 

1171 STO 

1172 LDA 

1173 HUT 


9 

u 

»3 

7 

0 

7 

0 

2 

2 

13 

7 

2 

2 

13 

7 

5 

5 

49 

13 


1174 

Lm 1 

3061 

1175 

MPY 

7 

1176 

LSH 

2 

1177 

SUB 

5 

1 178 

STU 

82 

1179 

OIJT 

1 

1 160 

LAI 

1212 

1 161 

STO 

3 

1 182 

Lda 

1 78 

1183 

add 

1 78 

1 184 

OUT 

13 

1185 

LMI 

2884 

1 186 

MpYM 

252 

1 187 

ADD 

3 

1188 

STU 

3 

1 189 

LDA 

60 

1 190 

add 

31 

1191 

SUB 

1 

1192 

SUB 

1 

1 193 

Brmr 

2 

119/| 

JMPR 

2 

1 195 

nut 

4 

1 196 

lai 

1940 

1197 

STU 

6 

1 198 

Rrh 

2 

1 199 

STO 

f 

1200 

Ida 

J04“ 

1201 

out 

13 

1202 

lda 

48~ 

1203 

RrHM 

2 

1204 

SUB 

7 

1205 

LDA 

6 

1206 

Brmr 

2 

1207 

LDA 

48 

1208 

*TO 

6 

1209 

Lda 

177 


Manual gF 
Calculated 
I 


A16 Feedback Signal 
Transmitted to 
Off-Engino Equip, 


End of BF JUK 
Dlag, Cole, 


Ucgtn WF Control 
Calc, - Call DMPLT 

f 

DDF Transmitted to 
Off-Engino Equip, 

I 


Calculate DPC EPft 
I 

£F Sample and 
Hold Output 


Fuol Manifold 


Engine Equipment 


Continued 
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1210 
121 1 
121 ? 
1213 
1210 

121 5 

1216 
1217 
12)8 

1219 

1220 
1 22) 
122 ? 
1223 
1220 

1225 

1226 

1227 

1228 


SUB 

Brmr 

LMI 

MPY 

DIV 

ROT 

8TO 

LAI 

SUB 

STO 

OUT 

ADO 

ADD 

ADO 

OUT 

OUT 

OUT 

OUT 

JMPR 


179 

16 

139 ) 

177 

179 

0 

5 

2010 

5 

5 

0 

5 

5 

5 

0 

0 

0 

0 

7 


T 




1 22r 

ROT 

0 

1230 

ROT 

0 

1231 

ROT 

0 

123? 

ROT 

0 

1233 

ROT 

0 

1239 

LAI 

9095 

1235 

STO 

5 

1236 

LOA 

171" 

1237 

OUT 

13 

1238 

LMI 

38 f 

1239 

MPYM 

6 

1290 

.STO 

8 

129) 

LAI 

900 

129? 

STG 

6 

1293 

LAI 

1630 

1299 

SUB 

8 

1295 

LAI 

) 

1296 

MPYM 

b 

1297 

SUB 

6 

1298 

STO 

5 

1296 

LOA 

1 7 0~ 

1250 

OUT 

13 

12Sl 

LMI 

80 ! 

12b? 

MpYM 

293 

1 2b 3 

ADD 

5 

1259 

LAI 

0 

1255 

MPYM 

3 

1256 

STO 

5 

1257 

LOA 

98 

1258 

RSHM 

2 

1250 

STO 

3 

1260 

LOA 

1 76~1 

1261 

OUT 

13J 

1262 

LAI 

232 

1263 

STO 

176 

1269 

SUB 

3 


Continue DPCEPR 
Calculation 


T'lJ.C tramitnittted 
to Off-Engine 
Equipment 


1265 

1 2frb 

1267 

1266 

1269 

1270 

1271 

1272 

1273 
1279 

1275 

1276 
1277 
1276 
1279 
1260 
1281 
1282 
1263 
1289 

1285 

1286 
1267 
1288 

1289 

1290 

1291 
129? 
1293 
1299 

1295 

1296 

1297 


LOA 

BRMR 

JMPR 

LOA 

STU 

LMI 

MPYM 

01 V 
ROT 
STO 
LAI 
STO 
SUB 
LOA 
BRMR 
JMPR 
LOA 
STU 
LMI 
MPYM 
LSH 
LSH 
LSH 
STU 
LOA 
SUB 
STU 
LOA 
SUb 
SUB 
IDA 
8RMR 
JMPR 


17b 

2 

2 

J 

3 

161 

99 

3 

0 

176 

917 

9 

176 

176 

2 

2 

9 

176 

2510 

176 

2 

2 

2 

176 

5 

176 

b 

1 

?1 
?U 
252 
2 
2 




1298 ADD 

d 



1299 UUT 

1 i 



1300 LAI 

1 9d 



1301 STU 

0 



1302 LOA 

U 

XM11 Transmitted 

1303 SUB 

to 

to Off-Engine 

1309 STO 

7 

Equipment 


1305 LMI 




1306 MPYM 

mi 



1307 ADO 

id 



1308 STU 

4 



1309 LAI 

0 



1310 MPY 

b 


i 

13) 1 STU 

b 



1312 SUb 

0 



1313 BRMR 

$ 

PS3/PT0 Transmitted 

1319 SUB 

6 

to Off -Engine 

1315 BRMR 

4 

Equipment 


1316 LD A 

6 



1317 JMPR 

4 



1318 JMPR 

«* 3 


Calculate) PS3/PTO 


DPCEPR - PS3/PTO 

I 


Idontify Mode Con- 
trol and Transmit 
to Of f -Engine 
Equipment 


I 


Calculate Gain 
and Multiply by 
PR Error 


-“PRW I 
-Gain Adjust 
Vnlvo 


Apply Limits 


LOA 
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original page IS 

OF POOR QUAU1Y 


J 

• 321 
1 322 
1 1323 

1324 

1325 

1326 

132 7 
132» 
1329 
13 36 

; 1331 
i 1332 
13 33 

1 334 
1335 
1 336 

133 7 
133fl 
13 39 
I 390 
1 391 
1342 
1 343 
1344 

134 5 
1 34b 
1347 
134« 

1349 

1350 

1351 

1352 

1353 

1354 

1355 

1356 

1357 
1350 
1 359 
1360 

1361 

1362 

1363 

1364 

1365 

1 366 

1367 

1368 

1369 

1370 

1371 

1372 
137 3 
1374 


OUT 

STQ 

SUB 

BRMR 

JMPR 

SUB 

U>A 

BRMR 

JMPR 

LDA 


STU 
LDA 
OUT 

LMI 

MP Y 
LSM 
LSH 
LSH 
STn 
SUB 

srn 
lmt 
mpy 
sri.i 

MOT 
ADD 
S in 
LU 4 

ADnc 

sm 

STn 

LAI 

srn 

lda 

OUT 

lmt 

mpym 

add 

LAI 

MPYM 

srn 

LDA 

OUT 

LDA 

RSHM 

STQ 

SUB 

STO 

LDA 

STO 

LDa 

SUB 

STQ 

SUB 

LDA 


0 

5 

0 

? 

2 

7 

5 

2 

2 

7 

5 

40 

13 

?075 

5 

0 

0 

0 

5 
64 

6 

311 

6 

ft 

0 

85 

85 

84 

6 

84 

5 
23 

6 

45' 
13 
171 

242 
6 
0 
4 
6 

42' 

13 


» 

0 


‘ PM TrnmsnutUui 
to OfiVKiigino 
.Equipment _ 


Calculate Lag 
Compensation 


NIT Transmuted 
to Off -Engine 
Equipment 

^ Kate Feedback 
Adjust 


p 

T-, 


4 3 

2 l-dxmv 
4 

86 

7 
4 

86 
6 
87 

8 

7 

8 


K2 Trimsmlttod 
to Off-Engine 
Equipment 




Calc. DXMV x's KPOT1S 


T PWH S+] 


1375 

BRMR 

2 



1376 

Lda 

7 



1 37 7 

sto 

7 



1 378 

Lda 

0 



1 379 

sub 

6 i 



1380 

sub 

87 



1 381 

STU 

6 

Continue CnlmUnt j. 

1382 

SUB 

7 



1 38 3 

Lda 

7 



138 6 

BRMR 

2 



1 385 

LDA 

6 



1386 

sto 

6 


! 

138 7 

LMT 

125 



1 388 

Mp Y 

87 ‘ 



1 389 

STO 

8 



1390 

kot 

0 



1 391 

STO 

9 



1 392 

Ida 

102 

VSV Position Trail'. •• 

) 39 H 

uijt 

1 3 

nit ted m on- 

1 396 

lda 

88 

Engl no E 
I 

qulpment 


I 39ft 
I 397 
1 398 
1 399 
I 40(1 

1401 

1402 

1403 
1004 
1405 
14 06 
1407 
J4 0H 
1409 
14(0 

1411 

1412 

1413 
1416 

1415 

1416 

1417 

1418 

1419 

1420 

1421 

1422 

1423 

1424 

1425 

1426 
1 427 

1428 

1429 


S|lH 
STO 
l Da 
simr 
add 
srn 

lmi 

MpY 

add 

add 

sto 

JMPP 

l DA 

STCI 

L D A 

OUT 

I Al 

STO 

LAI 

SUB 

LDA 

BrMR 

JmPR 

LDA 

STO 

La I 

SIJB 

lda 

BrMr 

JMPR 

Lda 

STO 

lda 

SUB 

Lda 


9 

88 

87 
8 
6 
87 
35 3 
87 

8 7 
87 

1 0 
3010 

5 

7. 

97 

13 

777" 

8 

905' 

1 78 
0 

2 
2 
1 

9 -x-miiF 
U71 

178 
1 

2 
2 
0 

1 7 DDIFS 
0 
27 
9 


L 

(KPI1W) (PR Error) 
<T PUW !i+1> 

(KP»U S) xmv 
T i>mv S+1 

WF MCI Word Trans 
mttted to ore** 
Engine Equipment 


WF Control Modr* 
Logic Tests for 
Reverse Fnn 
Pitch Interlock 
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1630 

BRMR 

2 



1405 

SUB 

6 

1431 

JMPR 

2 



1406 

LDA 

b 

1432 

LDA 

17 



1 40 T 

BRMR 

2 

1433 

STO 

9 

— DBIF 


1400 

JMPR 

i 

H3/I 

LAI 

231 



1409 

LDA 

5 

1435 

STO 

12 



1 49 U 

STU 

5 

1 4 36 

LDA 

95 



1491 

LAI 

614 

14 37 

SUB 

250 

L Reverse Inter- 

1492 

SUB 

5 

14 38 

STO 

1 1 

| lock Adjust. 

149 3 

BRMR 

1 

14 39 

LDA 

03 

1 0F MCI Word Trans- 

1494 

LAI 

056 

1440 

OUT 

1 3 ! 

IT “tilted to 

Off- 

1495 

STU 

6 

1 44 1 

LMI 

1407' 

Engine Equipment 

1496 

LMI 

3906 

144* 

MPYM 

1 1 

t 


1497 

MPYM 

5 

5 44 3 

ADD 

12 

i 

j 


1490 

ADD 

6 

1444 

STO 

11 

k DDR IFF 


1499 

JMPR 

1 

14 45 

LDA 

99 



1500 

LAI 

1010 

1446 

STO 

13 



ISO 1 

STU 

6 

1447 

LMI 

1525 



1502 

LMI 

2900 

1448 

MpYM 

250 

Control 1 

Mode Logic 

1503 

MpYM 

5 

1449 

ADD 

13 

Tests Continued 

1504 

ADD 

6 

1450 

SUB 

170 



1505 

t’JUl 

0 

1451 

LDA 

0 



1506 

STU 

b 

1452 

BRMR 

2 



1507 

LDA 

?o 

1453 

JMPR 

2 



1500 

SUB 

?1 

l 454 

LDA 

1 



1509 

LDA 

0 

1455 

STO 

i ? 

DO IRS 


1510 

BRMR 

5 

1 456 

LDA 

11. 



1511 

SUB 

23 

1457 

SUB 

170 



1512 

BRMR 

5 

1 450 

LDA 

1 



1513 

LDA 

9 

1 459 

BRMR 

2 



1514 

JMPR 

5 

1 460 

JMPR 

2 



1515 

OUT 

0 

1461 

LDA 

0 f-DBIRF 

1 H 


1516 

out 

0 

1 46? 

STO 


1517 

OUT 

0 

1463 

LDA 

62 

A18 MCI Word Trans- 

1510 

LDA 

1 

1 464 
1465 

OUT 

LDA 

1 3 
0 

mitted to 
Engine Equ 

Off- 
ip men t 

1519 

1520 

STU 

LDA 

9 

2 

1466 

SUB 

21 



1521 

RSHM 

2 

1467 

LDA 

12 



1522 

RSH 

2 

1460 

BRMR 

2 



1523 

■SUB 

1H 

1469 

LDA 

1 1 



1524 

LDA 

0 

1470 

STO 

1 1 

DDIU 


1525 

BRMR 

2 

1471 

LDA 

0 



1526 

JMPR 

2 

1472 

SUB 

23 



1527 

LDA 

l 

1473 

LDA 

1 1 



1520 

ADD 

63 

1474 

BRMR 

2 



1529 

OUT 

13 

1475 

LDA 

1 

DUIR > 


1530 

LDA 

0 

14 76 

STU 

1 1 

[ 

1531 

STU 

63 

1477 

LAI 

1102 



1532 

LAI 

055 

1470 

STO 

6 



1533 

STU 

12 

1479 

LDA 

252 

Power Demand 

1534 

LMI 

794 

1400 

SUB 

0 


i 

1535 

MPYM 

249 

140J 

BRMR 

2 



1536 

ADD 

12 

146? 

JMPR 

2, 

Generate N2 Sched. 

1537 

STU 

12 

1403 

LDA 

6 



1530 

LDA 

0 

1404 

STO 

5 


1539 

sub 

9 


N2 Schodule 


Mode Control 
Logic 


DBIF 


Clock Failure 
Tost 


Fault Word Trans- 
mitted to Off- 
Engine Equipment 


Establish Range 
for DN2I 


DI3IR 


204 
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OF POOR QUALITY 


H*' 


1 o 

15-9 1 
1542 
154 3 

1544 

1545 

1546 

1547 

1548 
154*? 

1550 

1551 

1552 

1553 

1554 

1555 

1556 

1557 

1558 

1559 

1560 

1561 

1562 

1563 

1564 
i*565 

1566 

1567 

1568 
15<>9 

1570 

1571 

1572 

1573 

1574 

1575 

1576 

1577 

1578 

1579 
1 “580 

1581 

1582 

1583 

1584 

1585 

1586 

1587 

1588 

1589 

1590 

1591 

1592 

1593 

1594 


LDA 

BRMR 

jmpr 

lda 

sro 

lda 

GRMR 

JMPR 

lda 

STD 

LDA 

SUB 

LDA 

BRMR 

JMPR 

LDA 

sin 

LDA 

(1UT 

LMI 

MPY 

STD 

JMPP 

LDA 

SUB 

SUB 

LDA 

BRMR 

JMPR 

LDA 

sro 

LDA 

OUT 

LDA 

SUB 

LDA 

BRMR 


6 

2 

2 

12 

6 

7 
? 
2 

8 
7 

O' 

21 

7 
2 
2 

8 
7- 

4 b" 
13 

1555" 
23? - 
5 

T01Q 

1 

20 

21 

y 

2 

2 

5 
7 

48 

13 

0 

9 


Spied 

or 

*N 2 Sc lieu. 


Mode Control 
Select Auto 
Command or 
Limit (777) 


Lottie 


Select 


T12 Sensor 
Trans mi tied 
to Off -ting me 
Equipment 
* Remote Power 


Remand 


ft emote Domain! 


1 Fe edback 

l S umma t it 


Mode Control logic 


] 


jmpr 

LDA 

sro 

LAI 

STD 

LAI 

STt) 

LMI 

MPYM 

ADD 

SIO 

L0A 

OUT 

LAI 

STO 

LDA 

SUB 

LDA 


7 
2 
2 

8 

7 

1856 

8 

213 
1 3 
158 0 
252 
13 
13 
38 
13 
|792 
9 
0 

11. 

8 


Pro Signal Trans- 
muted to orr- 
Kngine Equipment 


Mode Control Logie 


Ni Controller 
Ref. Go nor at ion 


~j pi <1- PTO Transmitted 
-J to Off~KngJ.no Equip. 


• MCI 




1595 BrMr 2 

1596 JMPR 2 

1*97 Lda 6 

1*98 STU 6 

1599 lda 1 3 

1600 BRMR 2 

1601 JMPR 2 

1602 LDA 9 

160 3 STU 9 

U’j.s lda 20 

l - ‘i Sl)B 21 

lO06 LOA ft 

160/ BRMR d 

1608 Jmpr 2 

*609 Ira 
1610 STU 6 

*6ii Lda 9 

16|? RrMR d 

I6i i jmpr 2 


180 

i Lda 

13 

1 1 > 1 5 

> STU 

9 

1 6 tt 

• LDA 

42 

1017 

’ R V SHM 

2 

1618 

' STO 

1 4 

1619 

1 LD « 

0 

1620 

SUB 

1 4 

162 J 

STO 

<3 

1622 

lda 

47 ’ 

1623 

Dill 

1 3 

1624 

lda 

6 

1625 

LAI 

0 

1626 

MpY 

8 

1627 

STO 

6 

1628 

LAI 

293 

t 629 

STU 

9 ft 

1 630 

SUB 

6 

1 63 J 

IDA 

6 

1632 

BRMR 

2 

1633 

JMPR 

2 

1634 

lda 

9 ft 

1635 

STU 

6 

1636 

LDA 

0 

1637 

SUB 

9 ft 

1638 

STO 

ft 

1639 

Sl)B 

6 

1640 

Lda 

ft 

1641 

brmr 

2 

1642 

JmPR 

2 

1643 

Lda 

6 

1644 

STU 

9 

1645 

add 

6 

) 64 f> 

add 

ft 

1647 

sro 

ft 

1648 

add 

8 

1649 j 

&TU 

8 


Ml Controller IU i , 
Generation C.uit \t. 


Calculate N2 Con- 
troller Error 
I 

il NR Hef. ami 
N2 Feedback 

pro-pan gi— 

Transmitted to 
Off -Engine 
Equipment 


Apply Limits to 
NR Controller 
Error » 
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1650 LDA 

1651 OUT 

1652 LMI 

1653 HP Y 
165/1 ADO 

1655 STO 

1656 LDA 

1657 SUB 
16bB STO 

1659 LDA 

1660 STO 

1 66 1 LAI 

1 66? sro 

1663 SUB 
1 6 6 41 STO 

1665 SUB 

1666 LDA 

1667 BRMR 

1668 LDA 

1669 STU 

1 67 0 LDA 

1 67 1 SUB 

1672 SUB 

1673 STO 
1676 SUB 

1675 LDA 

1676 BRHR 

1677 LDA 

1678 STO 

1679 LDA 

1680 OUT 

1681 LMT 

1682 MPY 
1633 STO 
1 684| ROT 

1685 STO 

1686 LDA 

1687 SUB 


44 

13 

662 

8 

8 

5 

4 

89 

6 
4 

89 
109 

8 

90 
10 

6 

10 


] 


T' 

PS3 Sensor Trans- 
mitted to Oil- 
Engine Equipment 



Calculate DXMV Ilnte 


2 


6 

6 

0 

90 

8 

8 

6 

6 

2 

8 

8 I 

4 3 DXMV Transmitted 
1 3 to Off-Engine 
62 Equipment 

90 
10 

0 
1 1 

91 
1 1 


1680 

STO 

91 

1689 

LDA 

90 

1690 

SUtiC 

10 

1691 

ADD 

8 

1692 

STO 

90 

1693 

LDA 

28 

1694 

OUT 

13 

1695 

LMI 

3925 

1696 

MPY 

90 

1697 

LsH 

2 

1690 

STO 

10 

1699 

JMPP 

3010 

1700 

LDA 

5 

1701 

RSH 

2 

1702 

STO 

6 

1703 

LDA 

7 

1704 

RSH 

2 


f 

DBl 0F l Feedback 
Transmitted to Off- 
J Engine Equipment 


DNWtt £ 

2 N2 Controller Error 
with XMV Rato Foedbaek 



Mode Control Logic 

J. 


1705 SUB o 

1/06 LDA b 

1 1707 BRMR 2 

1708 JmPR 2 

1709 LOA / 

1710 STU / 

1 7 1 1 LOA 2 v 

1712 OUT 13 

1713 L a 1 3072 

1714 STU 33 

1715 BRMR 2 

17 16 JMPR 2 

171 7 LDA o 

1718 STO 97 

1719 LAI 251 

1720 STU b 

1721 LH1 7(7 

1722 MPYM 91 

1723 ADD b 

1724 STU b 

1/25 LDA 1 69 

1726 ADD 

1727 UU1 13 

1728 LAI 262 

1729 STU ib 

1730 LAI 760 

1731 STU 11 

1732 LOA 9 

1733 SUB IB 

1739 LOA 9 

1735 BRMR 2 

1736 JMPR 2 

1737 LDA IB 

173a STU a 

1739 LAI 37 

1790 STU ib 

1741 lmI 3908 

1742 MPYM 6 

1743 STU 1 / 

1 744 LAI 36 (j 

1745 ADD i / 

1746 LAI 0 

1747 MPYM 6 

1748 SUB i B 

1749 t, A 1 0 

1750 MPYM 11 . 

1751 RQT n 

1752 STU i / 

1753 ROT 3 i 

1 754 ST LI 6 

1755 LSH 2 

1756 STU u 

1757 LDA j 6 a 

1758 ADD 2 

1759 OUT 13 



DU2 gP2 Foodback 
Tronsmltted to Off 
Engine Equipment 


■*- WF MCI 

* 

^3 Gain and Ranging 
Calculation 

T3 I 


Auto Demand 
Transmitted to 
Off -Engine Equip, 


DXMV 


T41C Calculation 
Continued 


r > [/ 
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ORIGINAL page is 
V * 1 p lH)R QUALITY 


1760 

LDA 

66 

1761 

RSHM 

2 

1762 

STO 

3 

1763 

SUB 

1 1 

1 766 

LDA 

3 

1765 

BRMR 

3 

1766 

OUT 

0 

1767 

JMPR 

3 

1760 

LDa 

11 

1769 

ADD 

1 

1770 

STO 

3 ■ 

1771 

LDA 

17 

1772 

LAI 

o 

1773 

LDA 

6 

1776 

DIV 

3 

1775 

ROT 

31 

1776 

STO 

3 

1777 

LDA 

61 1 

1778 

OUT 

1 3 I 

1779 

LAI 

66l J 

1780 

STO 

1 1 

1781 

SUB 

3 

1702 

LDA 

3 


1704 

1705 

1706 
170 7 
1700 
170*> 

1740 

1741 

1742 

1793 

1794 

1795 

1796 

1797 
1790 

1799 

1800 
1801 
1002 
1803 
1004 

1805 

1806 

1807 

1808 

1809 

1810 
1011 
1812 
1013 
1814 


BRMR 

JMPR 

LDA 

STO 

LAI 

STO 

SUB 

LDA 

BRMR 

JKrr 

LG A 

STO 

LDA 

OUT 

LAI 

STO 

LMI 

HP YM 

sto 

LDA 
OUT 
LAI 
SUB 
LAI 
MPYM 
LSH 
LSH 
STO 
LDA 
OUT 
LAI 
SUB 


PS3 Entered 


« 

2 
1 1 
3 

12 
11 
3 

1 1 
2 
2 

3 

3 

167“] 

;? J 
1 1 
8005 
3 
6 

2351 
1 3 J 
2066 
6 
0 
3 
2 
2 
6 

101 1 

13j 

3530 

6 


-i’S3 Limit i>ii > (a* (n.uv ) “* 
, 1000)il 


TU Transmitted to 
Of f-Enj: ino Equip, 


■MIC Calculation 
Continued 


1815 

1016 

1017 

1010 

1019 

1020 
1021 
t 022 
1023 
1026 
1 025 
1 826 

1027 

1028 
t 829 

1030 

1031 

1032 
1833 
1836 

1035 

1036 

1037 
1030 
1839 

1040 

1041 

1042 

1043 
1 846 
1045 
1846 


LAI 

Mp YM 

LSH 

LSH 

STO 

L n a 

OUT 

lai 

sub 

lai 

MPYM 

LSH 

LSH 

STO 

LAI 

Anl) 

LAI 

MpYM 

LSH 

LSH 

SUB 

LSH 

add 

Sto 

Rrhm 

SUB 

LAI 

BrHr 

Jmpr 
L n a 
STU 
LDA 


1047 OUT 


0 
3 
2 
2 
6 

toil 

lij 

2967 

b 

0 

1 

2 
3 
6 

l« 99 
6 
U 
3 
3 
3 
5 ) 

2 

b 

b 

2 

66 
?o m 
3 
2 
b 

f 71 
172 
1 3 


Fuel Temp, Tnnr> 
mitt oil to on 
Engine EqutpuH tit 


1M1C Calculation 
Completed 




i860 LaI 

1 $6 1 " 

V8V TMC Signal 

|049 st(j 

6 

Trans mi tied 

to Off- 

1050 LMI 

393 

Engine Equipment 

1051 MoyM 

251 



1052 Ann 

6 



105 3 StlH 

171 



1856 Sri) 

3 



I«55 LDA 

105" 

Local Control Mode 

1056 out 

1 3 

Word Transmitted 

1057 LMI 

2606 

to Off -Engine 

1050 MpY 

5 

Equipment 


1059 STU 

5 



1060 LDA 

6 



1061 SUB 

92 



1062 STO 

6 



1063 LDA 

6 



1066 STU 

92 

bydr. Pump Outlet 

1065 LDA 

1091 

Pressure Trans, to 

1066 out 

1 3J 

Off -Engine Equipment 

1067 LAI 

1 6 J 



i860 STO 

a 



1«69 S(JB 

93 


Sf Rnte Transmitted 
to Off -Engine 
Equipment 


EOT Transmitted to 
Off -Entitle Equip. 


Cnlculntf DXMV Lag 
Hate for T41C 
Control. 


bubo Scnv, Inlet 
Temp. Transr.it tied 
to Off- Engine 
Equipment 
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1870 
187) 
1872 
187 3 
187/1 
1 87*> 

1876 

1877 

1878 

1879 
I860 
1881 
1882 
188J 
188/1 

1885 

1886 
1887 
1688 

1889 

1890 
189) 

1 89? 

i 1893 
189/1 

1895 

1896 
1 89y 

1898 

1899 
19QQ 
190 t 
190? 
1903 
190ZJ 

1905 

1906 

1907 

1908 
1 909 

1910 

1911 

1912 

1913 
191/1 

1915 

1916 

1917 


STO 
SUB 
LDA 
BRMR 
LDA 
STO 
LDA 
SUB 
SUB 
STO 
SUB 
LDA 
BRMR 
LDA 
STO 
LMT 
MPY 
STO 
ROT 
STO 
LDA 
SUB 
STO 
LDA 
SUBC 
ADD 
STO 
LMI 
MPY 

lsm 

STO 
JMPP 
LDA 
RSH 
STO 
LDA 
RSH 
SUB 
LDA 
BRMR 
JMPR 
LDA 
STO 
LDA 
BRMR 
JMPR 
LDA 
STO 


11 
6 
11 
2 
8 
6 
0 
8 
9 3 
8 
6 
6 
2 
8 
8 

311 

93 

11 

0 

13 

9/J 

13 

9/1 

93 

11 

8 

93 

392/j 

93 

0 

10-*- 


DXMV Lu|{ Rato 
Calculation Cont'd. 


DTVm 


T41C anti DTWR 


Mode Control 
Selection 
(Select Min.) 


WF MCI } 


1910 

LDA 

110 

1919 

OUT 

13 

1920 

LAI 

SOS 

1921 

STO 

1 1 

1922 

LDA 

45 

1923 

RSHM 

2 

1 924 

STO 

5 


3 


Scnv, Oil Discharge 
Temp, Trans, to Off- 
Engine ^quipment 

NIT Controller 

Calculations 


1925 LDA 

1926 SU« 

1927 SIU 

1928 t Al 

1929 STU 
19J0 LMI 

1931 Mp YM 

1932 ADD 

1933 LAI 
1 9 3r Mp Y 

1935 STU 

1936 SUB 

1937 BRMR 

1938 SUb 

1939 BRMR 
19/10 LDA 
19/11 JMPR 
19/12 JMPR 
19/13 LDA 
19(1/1 i)U I 
19/15 STU 
19/16 L f) A 
19/17 OUI 
19/iB LDA 
19/19 SUB 

1950 STU 

1951 LDA 

1952 SUB 

1953 BRMR 
195/1 JMPR 

1955 SUb 

1956 LDA 

1957 BRMR 

1958 JMPR 

1959 LDA 

1960 STU 

1961 RSH 

1962 ADO 

1963 STU 
196/1 LDA 

1965 SUB 

1966 LDA 

1967 BRMR 

1968 JMPR 

1969 LDA 
197U STU 

1971 SUB 

1972 BRMR 

1973 SUB 
197/1 BRMR 

1975 LDA 

1976 JMPR 

1977 JMPR 

1978 LDA 

1979 UUT 


9 

5 

5 

1 S64 
13 
3/113 
241 
*2 
0 
5 


6 
0 
b 
1 3 
4 

13 

4 


-3 


0 

b__ 

107“ 

1 3__ 
0 

13 

13 

6 

0 

2 
2 

13 

6 

8 

2 

1 3 
6 
2 
6 
6 
0 


21 

b 

2 

d 

6 

b 

0 

b 

I i 

u 

II 
4 

•» i 
b 
U 


Ni Ref. (DNITIl) 

WITR-DNIT 
— * Timits 


WP Auto Gain At! j, 
"*** 683 | * 


Calculate Manual 
Mode Gain I 


Engine Oil Inlet 
Press. Trans, to 
Off -Engine Equip. 


N1 Controller 
Calcul at ions 
Cent 'cl. I 


(DNITE Error ) 
Gain W) 
Manual Mode 


Select Manual 
or Auto Mode 
Gain 
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19 fl 0 

1981 

1982 

1983 
1989 

1985 

1986 
1 98 7 
1988 


3 TO 

LDA 

SUB 

STO 

IDA 

SUB 

BRMR 

JMPR 

SUB 


1989 LDA 

1990 8RMR 

1991 JMPR 

1992 LDA 

1993 STO 
1999 ADD 

1995 STO 

1996 add 

1997 STq 

1998 LDA 

1999 OUT 

2000 LM I 

2001 MPY 

2002 ADD 

2003 STO 
2009 LM! 

2005 MPY 

2006 lSH 

2007 STO 

2008 JMPP 

2009 L A I 

»0 10 STO 
2011 LDA 
!0 1 2 SUB 
!0 13 BRMR 
'019 LDA 

015 RSHM 

016 SUB 

017 OUT 

018 BRMR 

019 LDA 

020 RSHM 

021 SUB 

0 22 BRMR 

023 LDA 
029 SUB 

025 STQ 

026 BRMR 

027 LAI 

028 OUT 

029 qut 

0 30 JMpR 

031 OUT 

032 OUT 
) 3 3 OUT 
1 39 OUT 


3925 

90 

0 

10 
3010 
1 638 
6 
31 
1 

27 

1 75 -s 
2 
6 
0 
13 

173^ 

2 

6 

13 

179 

1 

179 

18 

0 

0 

0 

19 

0 

0 

0 

0 


N1 Control lot* 
Calculations Cunt'il, 


Ci our box Brg, Tump, 
Trans, to Off -Eng. 
Equipment 


•PICA on 


-Horiz, Vi!), 


-Vert, Vib. 


High Vibs 

Shutdown 

Calculation 


2035 LAI 

2036 STfl 

2037 LDA 

2038 OUT 

2039 JMPR 

2090 fiijr 

2091 (|(, T 

2092 out 

2093 JMPR 
2099 LDA 

2095 SU1 

2096 STO 

209 7 LAI 
20«8 STD 

2049 AnD 

2050 STO 


9' 

170 

0 

u 

- 1 1 
0 
0 
0 

-12 

95 

97 

179 

2098 

7 

63 

64 - 


-Vault Word 


2051 

LDA 

45 ■* 

— NIT 


2052 

RSHM 

2 



2053 

STO 

6 



2054 

Lda 

31 



2055 

sub 

l 



2056 

Brmr 

7 



2057 

Lai 

860 



2058 

su« 

19 



2059 

Brmr 

7 



2060 

Rot 

0 



2061 

out 

0 



2062 

JMPR 

15 



2063 

Rot 

0 



2064 

out 

0 



2065 

JMPR 

-5 



2066 

lai 

256 



2067 

sub 

6 



2068 

Brmr 

9 

NIT Sensor 

2069 

lda 

9 S 

Signal iogn 

2070 

STO 

97 

Shutdown Cult*. 


2071 LDA 

2072 STO 

2073 RsHm 
2079 RSH 

2075 R S H 

2076 JMPR 

2077 LDA 

2078 OUT 

2079 OUT 

2080 OUT 

2081 OUT 

2082 out 

2083 OUT 
2089 OUT 

2085 ADD 

2086 flrn 

2087 LDA 

2088 RSH 

2089 STO 



,^-FnuXt Word 
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2090 

LDA 

7 

2091 

RSH 

2 

209? 

SUB 

6 

2091 

LDA 

5 

2094 

BRMR 

2 

2095 

JMPR 

2 

2096 

LDA 

7 

4.9*1 

STO 

7 

low 

LO A 

66 

2099 

ADD 

l 

2100 

BRMR 

2 

2101 

JMPR 

2 

2102 

LDA 

97 

msLi 

510 

- 97 

2104 

LDA 

12 > 

2105 

SUB 

14 

2106 

STO 

8 

2107 

LDA 

12 

2108 

LAI 

0 

2109 

Mpy 

8 

2110 

STU 

6 

211 1 

lda 

96" 

21 12 

SUH 

6 

21 1 3 

LDA 

6 

2114 

BRMR 

2 

2115 

JMPR 

2 

2116 

LDA 

98 

2117 

STO 

6 

2118 

LDA 

0 

2119 

SUB 

98 

2120 

STO 

8 

2121 

SUB 

6 

2122 

LDA 

8 

2 123 

BRMR 

2 

2124 

JMPR 

2 

2125 

LDA 

6 

2126 

STO 

6 

2127 

ADD 

6 

2128 

ADD 

6 

2129 

STO 

8 

2130 

ADD 

8 

2131 

STO 

8 

2132 

LDA 

llfl 

2133 

OUT 

I3j 

2134 

LMI 

662 

21 35 

mpv 

8 

2136 

ADD 

8 

2137 

STO 

5 _ 

<2130 

JMPP 

3010 

2139 

LDA " 

5 

214ft 

RSH 

2 

2141 

STO 

6 

2142 

LDA 

7 

2143 

RSH 

2 

2144 

SUB 

6 


Select S In Main 
Channel Calculation 


Enter in WF MCI Word 


- 855 
DN2T 


DN2T Hanging 
Calculations 


DN2T 

Calc, 


Apply Limit3 
to DN2T 


T25 Transmitted to 
Off -Eng. Equipment 


Z DN2T b DNWR 


Select S in Main 
Channel Calculation 


2145 

2146 

2147 
2146 

2149 

2150 

2151 

2152 

2153 

2154 

2155 

2156 

2157 
2156 

2159 

2160 
2161 
2162 
2163 
2160 

2165 

2166 

2167 

2168 

2169 

2170 

2171 

2172 

2173 

2174 

2175 

2176 

2177 
2176 

2179 

2180 
2181 
2182 

2183 

2184 

2185 

2186 

2187 

2188 

2189 

2190 

2191 

2192 

2193 

2194 

2195 

2196 
219 7 

2198 

2199 


L0A 

BRMR 

JMPR 

VQA 

STU 

LDA 

BRMR 

JMPR 

LDA 

STU 

LDA 

SUM 

STU 

SRMR 

LDA 

SUB 

LDA 

BRMR 

JMPR 

OUT 

OUT 

OUT 

UuT 

lda 

STU 

LDA 

OUT 

LAI 

STU 

LDA 

SUB 

BHMR 

SUB 

BRMR 

LDA 

JMPR 

JMRR 

LDA 

OU( 

STU 

LAI 

ADD 

STU 

LAI 

STU 

Lda 

sub 

BRMR 

SUB 

BRMR 

LDA 

JMPR 

JMHR 

LDA 

OUT 


I 

2 

2 

5 

9 7 ' W MCt'word" 
2 
2 

33 — 3072 
1 1 
97 
95 

6 
6 
0 
6 

95 •*— -loos 
6 


Up.jnto W 
MCI Word 


6 

0 

0 

0 

0 

11 

97_ 

I \d 

1 3_ 
1853 
1 1 
/ 

0 
5 
1 1 
4 

1 1 
3 
** 5 

/ 

0 

1 

7 

970 

II 
7 
0 
$ 

It 

4 

It 

d 

-3 

I 

0 


vt ver 


Ps Trnnsmittod to 
Of i -Eng . Equipment 


Apply Limits 
to WK Demand 


WE Demand Go in 
Bins fit Limit 
Calculations 


-20 inA Bias 


Acitl BO mA Bins 
& Apply Limits 
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original PAGE ns 
OF POOR QUALm 


00 srn 
0t LDA 

02 OUT 

03 LAI 

00 sro 

os UOA 

06 SUB 

07 BRMR 
06 JMPR 
39 SUB 

10 LDA 

11 BRMR 

12 JMPR 

1 3 LDA 
O STf) 
s LHI 

6 MPY 

7 ADD 

8 ADD 

9 STQ 

0 OUT 

1 LDA 

2 OUT 

3 LDA 

4 ADD 

5 SUB 

6 SUB 

7 BRMR 
B JMPR 
9 OUT 

rorr — 

i STQ 
? LDA 
5 RSHM 
1 SUB 
j LAI 
» STQ 
' BRMR 
1 JMPR 
' LDA 
i ADD 
STQ 
1 LDA 
OUT 

LAI . 

STQ 

LDA 

RSHM 

SUB 

LDA 

RSHM 

STO 

BRMR 

JMPR 

LDA 


7 

113 

13 

3126" 
11 
7 
0 
2 
2 
1 1 
7 
2 
2 
11 
7 

449- 

7 

7 

7 

— 36- 
1 

175 • 
13 
Bo- 
il- 


G/B Temp, Trnniimlttcd 
to QfX^Eng* Equipment 


WF Do mo nd 
Gain, Dina, It 
Uoit CUCU- 
latinn^, 1 


Cont *d. 


~\v 

Multiply K w 


JJF Output Demand 


Load DA Convertor 

| Iloriz* Vib, Trunsmittod 

1 to OXX-Emk, Equipment 

"*+-DA-AD Teat OK 
-H-FXCA On 


J-<- Sample WF 


E/S > - GO 
Test & Update 


-Fault Word 


173 
1 3 

— 1 

Vert, Vib. Transmitted 
to Ofl-Eng. Equipment 

1 474 


3 

109 

2 

Oil Inlet 

3 ’ 

Cooler Temp, 

« ; 

> 180“ F Tost 

2 

4 

2 

2 

0 

J'-' 


■ * 2255 
’ 2256 
2257 
2250 

2259 

2260 
k 2261 

2262 

2263 

2264 

2265 

2266 
2267 
2260 

2269 

2270 

2271 

2272 

2273 
22 70 

2275 

2276 

2277 
2270 
2279 
2200 

2201 i 

2202 , 
2203 ! 
2200 I 

2205 ! 

2206 1 
2287 s 

2200 L 
2209 / 

2290 £ 

2291 L 

2292 H 

2293 S 
229a l 

2295 S 

2296 L 

2297 R 

2298 s 

2299 L 

2300 R 

2301 B| 

2302 L| 

2303 J | 

2304 SI 

2305 Lf 

2306 BF 

2307 At 

2308 SI 

2309 LC 


55 ADD 

56 STO 
>7 LDA 
>0 R S HM 
>9 SUB 
>0 LDA 
>1 RsHM 
.2 STO 
»3 LAI 

a sto 

•5 LDA 

6 RSHM 

7 BRMR 
O OUT 

9 OUT 

0 JMPR 

1 SUB 

2 LDA 

3 BRMR 

0 JMPR 

5 LDA 

6 ADD 

1 STO 
3 LAI 

7 STO 
) LDA 

l RSHM 
SUP 
LDA 
RSHM 
Sto 
brmr 

JMPR 

LDA 

ADD 

STO 

LDA 

RSHM 

SUB 

lai 

sto 

LDA 

RSHM 

STO 

LDA 

RSHM 

Brmr 

lda 

JMPR 

SUB 

LDA 

brmr 

ado 


63 

63 

107 

2 

5 
a 
2 
a 

1529 

6 

02 

2 

a 

o 

o 

5 

6 
a 
2 
2 
0 

63 

63_ 

1706 

3 

113 

2 

3 

a 

2 

a 

2 

2 

0 

63 

63 

101 

2 

66 

660 

9 

4 

2 

4 

42 

2 

3 

0 ‘ 

4 
9 
4 

«*4 

63 



Engine Oil 
Tomp, Tost 
L Update 
Fault Word 


Goorbox Tomp, 
> 250° F Tost 
& Update 
Fault Word 


Hydr, Pump 
Pressure < 
2500 psio & 
N2 > 45% Test 
& Update . 
Fault Word 


6 3 /A 18 Feedback 

49* r~ 

Start A18 Control I 
Calculations 


301 


2310 RSHM 2 

£31 1 STO 3 

2312 SU0 50 ! 

2313 STO 5 ! 

2314 LOA 3 • 

2315 STO 50 

2316 LOA 0 

2317 SUB 22 ' 

2318 SUB 25 

2319 BRMR 3 

2320 LAI 77 

2321 JMRR j , 

2322 LAJ 26 

2323 UijT 0 

23 24 STO 7 

2325 LMT 224 

2326 MPY 51 

2327 STO 8 

2328 ROT 0 

2329 STO 9 

2330 SUB 52 

2331 LOA e 

2332 SUfiC 51 

2333 ADD 7 

2334 STO 10 

2335 SUB 5 

2336 LBA <0 

2337 BRHR *2 

2338 LOA 5 

2339 STO S 

2340 LDA jo 

234] SUB 7 * 

2342 SUB 7 

234J STO 7 

2344 SUB s 

2345 LDA 5 

2346 BRMR 2 

2347 LDA 7 

2348 STO 5 

2349 LDA 52 

2350 SUB 9 

2351 STO 52 

2352 LDA si 

2353 SUBC 8 

2354 ADD 5 

2355 STO 51 

2356 LDA 52 

2357 ROT 0 

2358 LDA 5i 

2359 LSH 2 

2 360 LSH 2 

2361 LSH 2 

2362 STO 5 

2363 LMI 3409-«f-KLA 2 

2364 MPV 5 


A18 F/B Lag Rato 
Gain and Limiting 
Calculations 




2 366 

2367 

2368 

2369 

2370 

2371 

2372 

2373 

2374 

2375 

2376 

2377 

2378 

2379 

2380 

2381 

2382 

2383 

2384 

2385 

2386 
2 387 

2388 

2389 

2390 

2391 

2392 

2393 

2394 

2395 

2396 

2397 


LMI 
MPYM 

sru 

LAI 

sub 

STO 
LDA 
RSHM 
STO 
LMI 
MPYM 
DIV 
ROl 
STU 
STU 
LDA 
SUB 
STU 
LMI 
MPYM 
STU 
LAI 
ADD 
LAI 
MPY 
STU 
LAI 

sru 

LDA 
SUB 
LOA 
BRMR 


718 
253 
6 

881 
6 
6 
48 
2 
7 

647 

47 

7 

0 

7 

170 

o 

7 

116 
3901 
256 * 

8 

195 

8 

0 

116 

7 

388 7 ~ 

8 

7 

8 
8 
2 


Auto. Mod# 

Ref, Oaneratlon 



XM11 

Calculation 

PT0-P3U 


XM11 Rof J - XM11 
- XM11E 


f 


■ X1S Gain AdJ 


XMUE x Gain Adj, 


General 
Auto Me 
Control 
Kef, 


2398 LOA 

7 

2399 STU 

7 

2400 LDA 

0 

2401 SUB 

8 

2402 STU 

8 

2403 SUB 

7 

2404 LDA 

8 

2405 BRMR 

2 

2406 LDA 

7 

2407 STU 

7 

2408 LMI 

2496 

2409 MPY 

7 

2410 LSH 

2 

2411 LSH 

2 

2412 LSH 

2 

2413 LSH 

2 

2414 STU 

5 

2415 STU 

168 

2416 JMHP 

3010 £a 

2917 LDA 

5 

2418 STU 

7-Mln 

2419 LAI 

1749 


Apply Limits 
to XMUE 


Multiply by 
KPA 


CO, 

1 


1 

tore 

1 
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2«2U 8T() 
2a a l V. 0 A 

2422 sun 

242 3 STO 
dud* UMI 
2nd 5 MPYM 
2426 ADD 
2nd 7 STiJ 

2428 l HI 

2429 MPYM 

2430 STf) 

2431 LOA 

2432 SUB 

2433 STf) 

2434 RSHM 
243b STO 

2436 LHI 

2437 MPYM 

2438 STO 

2439 LOA 

2440 SUB 
2491 STO 

2442 RSHM 

2443 SUB 
Paa 4 LQA 

2445 Brmr 

2446 JMPR 

2447 LDA 

2448 srn 

2449 LDA 

2450 ADD 

2451 sm 

2452 LOA 

2453 SUB 

2454 BRMR 

2455 QUT 

2456 JMPR 

2457 LDA 

2458 SUB 

2459 LAI 

2460 BRMR 

2461 LOA 

2462 SIO 

2463 LOA 

2464 SUB 

2465 SUB 

2466 STO 

2467 LAI 

2468 STO 

2469 RSHM 

2470 STO 

2471 LOA 

2472 RSH 

2473 SUB 

2474 LOA 


— *1095 
* Pwr, Demand 


Calculate BXAR 


DXA R 

"XX 8 Roof Adj, 

s DXAR - X18 
Roof Adj, 


— Max, Adjust. 
' — 1749 
“DX18 Max. 


Generate 
A18 Rool 
Limit 


102 


2 
2 
15 
5 

100 
5 
5 
0 

115 
3 
0 
3 

100 

116 “* -y.MiiE 

143 

2 

0 

9 

5 
9 
3 
5 

621 
34 
2 
9 
5 
2 
9 
5 


Complete Roof 
Schod, Generation 


DEDPQP 


Spood Transient 
Interlock Louie 


2 A18 Hoof Sched, 
with Spood Transient 
.at « v/n Ifltot,lock Value & 
A18 F/B A18 F/B 


Apply Limits to 
Hoof Sched, Error 


247$ 

2476 

2«77 

2478 

2479 

2480 

2481 

2482 

2483 

2484 
248b 
2486 
2 487 

2488 

2489 

2490 

2491 

2492 

2493 

2494 

2495 

2496 

2497 

2498 

2499 

2500 
2b0 j 

2502 
25 C 3 

2504 

2505 

2506 

2507 

2508 

2509 

2510 

2511 

2512 

2513 

2514 

2515 

2116 


BRMR 

LOA 

STO 

LDA 

SUB 

sm 

StjB 

Lf)A 

BRMR 

Lf)A 

sm 

LMl 

Mpy 


2517 

2518 

2519 

2520 

2521 

2522 

2523 

2524 

2525 

2526 

2527 
2 528 
2529 


LSH 

STO 

LSH 

STO 

LDA 

SUB 

RSHM 

STO 

R S H 

SUB 

LDA 

LDA 

STIJ 

SUB 

STO 

LMT 

MpY 

STO 

ROT 

STO 

LDA 

ADD 

S?U 

LnA 

ADDC 

STO 

STO 

iMRP 


LDA 

RSH 

STO 

LOA 

RSH 

SUB 

LDA 

Brmr 

OUT 

OUT 

LDA 

STO 

I.DA 


2 

34 

5 
0 

34 

6 
5 

5 

? 

6 
5 

3368 

5 

2 

8 

2 

5 

95- 

237 

2 

4 • 
2 
8 

4 
2 

5 
5 

53 
5 

224 

5 

5 

O 

11 

54 
11 
54 
53 

5 

53 

5 — 
3ol_0 

7 
2 

6 

5 
2 

6 
5 
4 
0 
0 
7 
7 
2 


T 


^A 


\a * aib j 

Roof Error | 
i_^^Cond, Aid 
f Roof Limit 
Gcmoraunn 

4095 


DXAMPR 


Apply DXAMPR 
Limit 


Calculate La& 

1/ (Tj^S+1) k 

Apply 


£ X18 Roof Error- 
*“-AX8 Log: Rate — — - 


Select Min, of 
A18 Roof Auto, 
A18 Controller 


jL 
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2530 BRMR 

2531 LDA 

2532 STU 

2533 CHI 
2530 MPYM 
2*3$ STO 

2536 ADD 

2537 STO 

2538 SUB 

2539 STO 
2500 IDA 
2541 STO 

2502 RSHM 

2503 STO 
250o LDA 

2505 RSH 

2506 SUB 

2507 LDA 
2500 BRMR 
2509 LDA 

2550 STO 

2551 LDA 

2552 SUB 

2553 STO 
2550 SUB 
2555 LDA 


2 

0 

62 

1^50 

200 

5 

100 

1 3- 
3 

5 

30- 

6 
2 
9 
5 

2 
9 


Input aih mci tort! 


xIFmnT r— - 

Adjust, I 

OXld Min* Generation 
and Sum with A18 Y/ D 

-OX 1 8 Min. I 


Apply Limits A18 
Min, Error 


Genome A18 
Min, Limit 


2557 

LDA 

e. 

6 



2558 

STO 

5 



255q 

LMI 

3368- 

K * 

2560 

MPV 

5 

LA 


2561 

LSH 

2 



556? 

STO 

8 



2563 

LSH 

2 



2560 

STO 

5 

Multiply A18 
Min, Error 

2565 

LDA 

0 

& K U and 

2566 

SUB 

0 

Apply Limits 

2567 

STO 

1 1 



2568 

RSH 

2 



2569 

SUB 

8 



257o 

LDA 

5 



2571 

BRMR 

2 




Calculate Log 
a/(T M s+ i) 


2585 

2586 

2587 

2588 

2589 

2590 

2591 

2592 

2593 
2590 

2595 

2596 

2597 

2598 

2599 

2600 
2601 
2602 
2603 
2<s00 
2605 

8 2606 

2607 

2608 | 

2609 i 

2610 I 

2611 l 

2612 i 

2613 f 
2610 L 

2615 f 

2616 L 

2617 A 

2618 S 

2619 S 

2620 L 

2621 fl 

26 22 L 

2623 S 
2620 L 

2625 fli 

2626 LI 

2627 S 

2628 Lj 

2629 SI 

2630 SI 

2631 LC 

2632 SI 

2633 LC 
2630 RR 

2635 LD 

2636 ST 

2637 LD 

2638 8R 

2639 LD 


85 ADUC 

86 STU 

87 STO 

88 JMPP 

89 L0A 

90 RSH 

91 STU 

92 LDA 

93 RSH 
90 SUB 

95 LDA 

96 BRMR 

97 LDA 

98 STU 
>9 LDA 

10 BRMR 

11 LDA 
• 2 STU 
3 LMI 

0 MPYM 

5 ADD 

6 STU 

7 SUB 

8 LOA 

9 BRMR 

0 LDA 

1 STU 
i LOA 

3 BRMR 
9 LDA 
3 STU 

> LDA 
' ADD 

> STU 
» SUB 
' LDA 

BRMR 

LDA 

STU 

LDA 

BRMR 

LfS 4 

STU 

LAI 1< 

SUB 

STU 

LOA 

SUB 

LDA 

BRMR 

LDA 

STU 

LDA 

BRMR 

LOA 


>C 5 

I 55 

> 5 

P 3010 

1 

2 

6 

5 
2 

6 

1 

R 2 

5 

1 

62 

? 2 

95 
62 
1750 
I 253- 
loo 
5 

13 

13 

2 

5 

5 . 
95 - 
2 
U 

16 

100 — 
15 
15 
5 

15 
2 
5 

5 _ 
2 
2 

16 

18-Toi 

1902 
13 1 

B 
0 
23 
0 
2 
16 

16— Tc 
B 
2 
5 


E X1B Mlrt Er ror, A 16 L« e 
j Rat* 

Soled Min, of 
Main Channel b 
A18 Min, Limit 



Input A1B 
MCI Word 


■Man, A18 I 

Gonorato X18 
Manual Schod, 


Solect Max, of 
A18 Sched, b 
DX18 Min. 


“ -1095 | “ 

MCI Calculation 



Select Min. of 
X18 Schod. b 
DX18 Max, 


Generate X18 
Manual Control 
Mode , 


MCI Calculations 

■ Temp, MCI | 

Gonoroto Hov Mode 
Rof, Control 


Rov or Othor 
Control Mode 
Selection 


•Temp, MCI 
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rlf 






2660 OUT 
26«» SUB 
2662 4» T 0 
26*4 3 U>A 
2644U STO 
26«5 R3HH 
26446 STO 
2667 LDA 
2666 RSH 
266^ SUB 

2650 LDA 

2651 BRMR 

2652 LDA 

2653 STO 
2656 LDA 

2655 SUB 

2656 STO 
9a ,57 SUB 
';‘i>58 LDA 


0 

3 

5 
36 

6 
2 
9 
5 
2 
9 

5 
2 

6 

5 
0 

6 
6 
5 
5 


Of voo% 

T 


Vn 


2 X18 Manual 
Demand U DKA 




Apply Limits 
to X18 Manual 
Mode Error 


2659 

BRMR 

2 

2660 

LDA 

6 

2661 

STO 

5 

2662 

LMI 

3368. 

2663 

MPY 

5 

2666 

LSH 

2 

2665 

STn 

« 

2666 

LSH 

2 

2667 

STO 

5 

2668 

LDA 

11 

2669 

RSH 

2 

2670 

SUB 

8 

2671 

LDA 

5 

2672 

BRMR 

2 

2673 

LDA 

U 

2676 

STO 

5 

2675 

LDA 

6 

2676 

RSH 

2 

2677 

SUB 

8 

2678 

LDA 

6 

2679 

BRMR 

2 

2680 

LDA 

5 

2681 

STO 

5 

2682 

SUB 

58 " 

2683 

STO 

5 

2686 

lmt 

226 

2685 

MPY 

5 

2686 

STO 

5 

2687 

ROT 

0 

2688 

STO 

11 

2689 

LDA 

59 

2690 

ADD 

11 

2691 

STn 

59 

2692 

LDA 

58 

2693 

ADDC 

5 

2696 

STO 

50 


-Kma 


Generate 
XI 8 Manual 
or Rev* 
Control 
Modes, 

Cont *d. 


Multiply by 

k ma 


Apply Limits 
DXAMffil 


Apply DXAMPR 
Unit 


Calculate! Log 

1/<t ma s + l > 


Vs>- 1 


2695 STO 

2696 JMPP 

2697 LDA 

2698 SUB 

2699 SUB 

2700 LDA 

2701 BRMR 

2702 LOA 

2706 LDA 

2705 BrMr 

2706 LDA 


5 

3010 

0 

22 
25 
7- 
2 
5 
7 

62* 
2 

16 


£ X18 Man. or Rov. 
Demand It KLAR x DARP 

P— — 

Mode Control 
Selection 


’Manual 

Channel 


X18 MCX Input 


2707 8Tll 62 

2708 LAI 

1836- 

2709 STO 

9 

2710 RSH 

2 

2711 STO 

8 

?7 1 2 LDA 

1 

2713 RSH 

2 

2716 SUB 

8 

2715 LDA 

7 

2716 BrMr 

2 

2717 LDA 

9 

2718 STO 

7 

2719 LDA 

0 

2720 SllB 

9 

2721 STO 

9 1 

2722 RSH 

2 

2723 STO 

6 

2726 LDA 

7 

2725 RSH 

2 

2726 SIJB 

8 

2727 LDA 

9 

2728 BrMr 

2 

2729 LDA 

7 

2730 STO 


2731 LMI 

663- 

2732 MpY 

7 

2733 ADD 

7 

2736 STO 

7 

2735 LAI 

6o91— 

2736 ADD 

7 

2737 UUT 

1 

2 738 STO 

67 

2739 LDA 

60 

276o add 

31 

2761 SUB 

1 

2762 SUB 

1 

2763 BRMR 

2 

2766 JmPR 

2 - 

2765 OUT 

3 

2766 LDA 

o - 

2767 SUB 

6 1' — 

2768 BRMR 

13 

2769 RnT 

0 - 


Establish with 
Limits lor Kat 
Multiplication 


''AT 

Complote A18 Rato 
Demand Generation 


Bias 


AD-DA Test 


Sampled Hold for 
. A18 Hate Demand * 


■tost OK 


AZ8 Control 
Channel Completed 
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2750 ROT 

0 

| 


2805 LDA 

22 8 

2751 ROT 

0 



2806 STU 

253 

275? ROT 

0 



2807 LDA 

229 

2753 RC 7 

0 



2808 8TU 

254 

275a ROT 

0 



2809 LDA 

230 

2755 ROT 

0 



2810 STO 

255 

2756 ROT 

0 



2811 LDA 

101 

2757 OUT 

0 



2812 STU 

206 

2758 OUT 

0 



2813 LDA 

182 

2759 OUT 

0 



2814 STU 

207 

2760 JMRR 

101 

Failure 

of AD-DA Test 

2815 LDA 

t«3 

2761 LDA ” 

" 206 


L 

2816 STU 

208 

276? sro 

231 

< 

V 

2817 LDA 

184 

2763 LD,. 

207 



2818 STU 

204 

276a STO 

232 



2819 LDA 

18b 

2765 LDA 

208 



2820 STU 

210 

2766 STO 

233 



2821 LDA 

106 

2767 LDA 

209 



28 22 STU 

211 

2768 STO 

23 a 



2823 LDA 

107 

2769 LDA 

210 



2824 STU 

212 

2770 STO 

235 



2825 LDA 

188 

2771 LDA 

211 



2826 STU 

213 

2772 STO 

236 



2827 LDA 

10V 

2?V 3 LDA 

212 



2828 STU 

21 4 

277a STO 

237 



2829 LDA 

190 

2775 LDA 

213 



2830 STU 

215 

2776 STO 

238 



2831 LDA 

191 

2777 LDA 

2ia 



2832 STU 

216 

2778 STO 

239 



2833 LDA 

192 

2779 LDA 

215 



2834 STU 

217 

2780 STO 

2ao 



2835 LDA 

193 

2781 LDA 

216 



2836 STU 

218 

2782 STQ 

2a i 



2837 LDA 

194 

2783 LDA 

217 



2838 STU 

219 

276a STO 

242 



2839 LDA 

195 

2785 LDA 

218 



2840 STU 

220 

2786 STO 

2a3 

Refresh 

1 

Incut Data 

2841 LDA 

196 

2787 LDA 

219 

from Off-Engine 

2842 STU 

221 

2788 STO 

2aa 

Eauioment 

2843 LDA 

197 

2789 LDA 

220 



2844 STU 

222 

2790 STO 

2a5 



2845 LDA 

198 

2791 LDA 

221 



2846 STU 

223 

2792 STO 

2ab 



2847 LDA 

199 

2793 LDA 

222 



2848 STU 

224 

2794 STO 

247 



2849 LDA 

200 

2795 LDA 

223 



2850 STU 

225 

2796 STO 

248 



2851 LDA 

201 

2797 LDA 

22a 



2852 STU 

226 

2798 STO 

2a9 



2853 LDA 

202 

2799 LDA 

225 



2854 STU 

227 

2800 STO 

250 



2855 LDA 

20 3 

2801 LDA 

226 



2856 STU 

228 

2802 STO 

251 



2857 LDA 

204 

2803 LDA 

227 



2858 STU 

229 

280a STO 

252 



2859 LDA 

205 


Continued 


ORIGINAL page is 
OF POOR QUALITY 


2861) STO 

2861 OUT 

2862 OUT 
286 3 OUT 

2 ftfa« our 

2865 OUT 

2866 Out 
2667 OUT 

2868 QUT 

2869 OUT 

2870 OUT 

2871 OUT 

2872 OUT 

2873 OUT 
2876 OUT 

2875 qut 

2876 OUT 

2877 OUT 

2878 qut 

2879 OUT 

2880 OUT 

2881 OUT 

2882 OUT 

2883 OUT 

2880 our 

2885 OUT 

2886 OUT 

2887 OUT 

2888 OUT 

2889 OUT 

2890 OUT 

2891 QUT 

2892 OUT 

2893 OUT 
289 6 OUT 

2895 OUT 

2896 OUT 

2897 OUT 

2898 QUT 

2899 out 

2900 OUT 

2901 OUT 

2902 OUT 

2903 OUT 
2906 OUT 

2905 OUT 

2906 OUT 

2907 OUT 

2908 OUT 

2909 qut 

2910 OUT 

2911 OUT 

2912 OUT 

2913 OUT 
2919 QUT 
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Iteration Complete 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


2915 OUT 

2916 OUT 

2917 OUT 

2918 OUT 

2919 OUT 

2920 OUT 

2921 OUT 

2922 OUT 


2923 OUT 
2926 OUT 
2925 OUT 


2926 OUT 

2927 OUT 

2928 OUT 

2929 OUT 

2930 OUT 

2931 OUT 

2932 OUT 

2933 OUT 
2936 OUT 

2935 OUT 

2936 OUT 

2937 OUT 

2938 our 

2939 OUT 

2960 OUT 

2961 UuT 

2962 OUT 

2963 QUT 
296« OUT 

2965 OUT 

2966 our 

2967 OUT 
296 fl OUT 
2969 OUT 

2950 OUT 

2951 OUT 

2952 OUT 

2953 OUT 
2956 OUT 

2955 Out 

2956 OUT 

2957 Out 
295a OUT 

2959 OUT 

2960 our 

2961 OUT 

2962 OUT 

2963 OUT 
296*1 our 

2965 OUT 

2966 OUT 
296? OUT 

2968 OUT 

2969 OUT 
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2970 

OUT 

0 

2971 

OUT 

0 

297? 

OUT 

0 

2973 

OUT 

0 

2974 

OUT 

0 

2975 

OUT 

0 

2976 

OUT 

0 

2977 

OUT 

0 

2978 

OUT 

0 

2979 

OUT 

0 

2980 

OUT 

0 

2981 

OUT 

0 

2982 

OUT 

0 

2983 

OUT 

0 

2984 

OUT 

0 

2985 

OUT 

0 

2986 

OUT 

0 

2987 

OUT 

0 

2988 

OUT 

0 

2989 

UUT 

0 

2990 

OUT 

0 

2991 

OUT 

0 

2992 

OUT 

0 

2993 

OUT 

0 

2994 

OUT 

0 

2995 

OUT 

0 

2996 

OUT 

0 

2997 

OUT 

0 

2998 

OUT 

0 

2999 

OUT 

0 

3000 

OUT 

0 

3001 

OUT 

0 

3002 

OUT 

0 

3003 

OUT 

0 

3004 

OUT 

0 

3005 

OUT 

0 

3006 

OUT 

0 

3007 

OUT 

0 

3008 

OUT 

0 

3009 

OUT 

0 

30 1 0 

TXT 

" r 

3011 

STO 

1 

3012 

ADD 

57 

3013 

STO 

57 

3014 

LDA 

5 

3015 

SUB 

0 

3016 

BRMR 

17 

3017 

LDA 

10 

3018 

SUB 

0 

3019 

BRMR 

7 

3020 

LDA 

5 

3021 

SUB 

10 

3022 

OUT 

0 

3023 

OUT 

0 

3024 

OUT 

0 


Subroutine. 

Cont 'd , 

Subroutine for 
Signed Summation 
with Overflow Limits 



3025 

302b 

3027 

3028 

3029 

3030 

3031 

3032 

3033 
3030 
3035 
303b 

3037 

3038 

3039 

3000 

3001 
3042 
304 3 

3044 

3045 
304b 

3047 

3048 

3049 

3050 

3051 

3052 

3053 

3054 

3055 

3056 

3057 

3058 

3059 
30b0 
30fel 

3062 

3063 

3064 

3065 

3066 

3067 

3068 

3069 

3070 

3071 


JMPR 

17 

LDA 

5 

SUB 

to 

BRMR 

2 

JMPR 

• 5 

L0A 

2 

SUB 

1 

JMPR 

10 

LDA 

to 

SUB 

0 

BRMR 

* 1 b 

LDA 

5 

SUB 

10 

BRMR 

*15 

LDA 

2 

OU1 

u 

OUT 

0 

STU 

s 

LDA 

57 

SUB 

1 

BRMP 

545 

SUB 

1 

BRMP 

824 

SUB 

l 

BRMP 

945 

SUB 

1 

BRMP 

1097 

SUB 

l 

BRMP 

1407 

SUB 

1 

BRMP 

1563 

SUB 

1 

BRMP 

1700 

SUB 

1 

BRMP 

1902 

SUB 

1 

BRMP 

2009 

SUB 

1 

BRMP 

2139 

SUB 

1 

BRMP 

2417 

SUB 

1 

BRMP 

2517 

SUB 

1 

BRMP 

2589 

SUB 

1 

BRMP 

2697 


V^sts 

for 

Return 

to 

Program 
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